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1.1 The Significance of Lignocellulose for Biofuels 
 The current global issues on energy security and sustainability, as well as 
serious environmental impacts from global warming have enforced us to look for 
alternative energy resources. They are required to substitute petroleum-based fuels 
and products in a large scale in order to help remedy the issues, as well as to satisfy 
the increasing commodity needs of our society, particularly, in transportation sector 
(Ribeiro et al. 2007; IEA 2012).  
 Biomass is seen as potential resources for biofuels (Kheshgi et al. 2000; 
Fischer and Schrattenholzer 2001; UNEP 2009; IEA 2013). Its world primary 
production is estimated to be around 1,900 billion dried tons/year (Whittaker 1970). 
The plant biomass, known as lignocellulose, comprises cellulose, hemicellulose, 
lignin and other polymeric constituents. It is considered as the most abundant organic 
material on the earth and consists of non starch-based fibrous part of plant materials. 
Lignocellulose is a carbon-neutral renewable resource. It does not add to the 
greenhouse emission as it is environmentally benign which possibly reduces NOx 
and SOx depending on the fossil-fuels displaced. Moreover, it appears to have a 
significant economic potential given the fluctuating prices of the fossil fuels.  
 Due to the promising values of biomass for biofuel productions, policies and 
acts have been documented. These essentially triggered the development of biofuels 
demand by targets and blending quotas. Mandates for blending biofuels into vehicle 
fuels had been enacted worldwide (REN21 2005). The recent targets define higher 
levels of envisaged biofuels use in various countries. In general, most mandates 
require blending 10–15 % ethanol with gasoline (U.S. EPA 2011).  
 The Renewable Fuel Standard (RFS) program has been revised to increase 
the volume of renewable fuel blended into transportation fuel, from 34 billion 
litres/year in 2008 to 136 billion litres/year by 2022 (U.S. EPA 2011). The revised 
standards (RFS2) established new specific annual volume requirements for cellulosic 
biofuels, biomass-based diesel, advanced biofuels and totally renewable fuel in 
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transportation fuel. Biofuels could increase their penetration significantly in all long-
term scenarios.  
 
1.2 Cellulose as Feedstocks for Bioethanol Production  
Cellulose production is approximated to be around 100 billion tons/year   
(Hon 1994; Klemm et al. 2005). It exists as the framework substance in 
lignocelluloses in the form of cellulose microfibrils, whereas hemicellulose presents 
as the matrix substance associated with the cellulose. Lignin, on the other hand, is the 
encrusting substance solidifying the cell wall associated with hemicellulose        
(Fujita and Harada 2001). The schematic diagram of cellulose microfibrils is shown 
in Fig. 1-1.  
   
Fig. 1-1 The schematic diagram of cellulose mircrofibrils (Roelofsen 1965) 
 
 In recent decades, the cellulosic biofuel research, also known as ―the 
advanced and conventional biofuels‖ has attracted much attention because of the 
availability of cellulose (40-50 wt% of dry substance) in most lignocellulosic 
biomass (Lynd et al. 1991; Fujita and Harada 2001). Due to the non-competing 
properties with food and feed resources, cellulose has been considered as potential 
feedstocks for bioethanol production. 
 In cellulose structure of the plant cell wall, identical to the building blocks, 
glucoses are linked together by β-1,4 glucosidic linkages. This consequently 










attack (Gray et al. 2006). These linkages can be broken down to form monomeric 
sugars, such as glucose, essential for fermentation process. The main stream for 
bioethanol production however is still based on food-based feedstocks, even though 
potential supply of cellulosic biomass is far higher than that of food crops.  
 When starch- or sugar-containing feedstocks, such as corn or sugarcane are 
used, the cost of raw material account for 40-70 % of the total ethanol production 
cost (Classen et al. 1999). The utilization of such starch or sugar for energy resources 
will compete with that for food products, leading to food shortage problems in the 
future. In contrast, when inedible feedstocks are used as raw materials, it is possible 
to produce large amounts of low-cost bioethanol (Wheals et al. 1999).  
 To attain the economical feasibility, a higher bioethanol yield is crucial. 
However, to date the development of bioethanol production from cellulosic biomass 
has been impeded by its great resistance to be hydrolyzed into sugars because of its 
crystalline structures. In converting cellulose to bioethanol, a pretreatment process is 
usually needed to render cellulose for more amenable and accessible towards 
hydrolysis through various ways such as chemical, physico-chemical, enzymatic and 
hydrothermal treatments. Though the cost of cellulosic biomass is perceived to be far 
lower than that of food-based crops, the cost to obtain sugars from cellulose prior to 
bioethanol production has historically been far too high to attract industrial interest.  
 Bioethanol production from cellulosic biomass generally follows these 
sequences: pretreatment, enzymatic saccharification, fermentation, product recovery 
and distillation. All the sequences steps are more or less the same, though various 
pretreatment methods can be used. The enzyme will hydrolyze cellulose to form 
fermentable sugars, and then convert to bioethanol by yeasts/bacteria.  
 
1.3 Origin of Cellulose 
 Cellulose originates from a taxonomically diverse group of organisms 
including plants, bacteria, fungi, tunicate and protists (Nakashima et al. 2004). Wood 
plants are the general source of cellulose. The bacteria Acetobacter xylinum is a 
common non-plant source of cellulose; others comprise tunicate cellulose               
(e.g. Microcosmus fulcatus) which is produced by sea creatures, and protists which 
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mostly consist of unicellular microorganisms. All of them have the ability to 
biosynthesize cellulose (Favier et al. 1995; Nakashima et al. 2004; Stone 2005).     
 
     Table 1-1 Chemical composition of some typical cellulose-containing materials  
a 
Others    include    extractives,    inorganics     (ash),    protein,    wax     and   pectin;  
b 
Rabemanolontsoa and Saka 2013; 
c
 Hon 1996; 
d
 Wang et al.2008; 
e
 Kalita et al. 
2013; 
f
 Fávaro et al. 2010  
 
Despite the wide range of cellulose resources available, the current research 
for bioethanol production is highly concentrated on wood plant cellulose               
(Oilgae 2010; Bracmort 2013), which indirectly makes lignocelluloses as the major 
source of cellulose. Typical cellulose-containing materials with their chemical 
Biomass source 
Composition (g/g of oven-dried biomass basis) 




 0.439 0.284 0.240 0.036 
Japanese cedar 
b
 0.379 0.227 0.331 0.043 
Bamboo 
b
 0.394 0.311 0.206 0.079 
Rice husk 
b 
0.360 0.173 0.241 0.199 
Wheat straw 
b
 0.371 0.340 0.200 0.077 
Corn cob 
b
 0.343 0.328 0.180 0.140 
Miscanthus 
b 
0.337 0.248 0.223 0.170 
Baggasse 
b 
0.383 0.309 0.224 0.074 
Oil palm trunk 
b 
0.306 0.284 0.282 0.112 
Nipa frond 
b
 0.324 0.291 0.196 0.155 
Corn stalks 
c 
0.350 0.250 0.350 0.050 
Cotton 
c 
0.950 0.020 0.009 0.004 
Flax (retted) 
c
 0.712 0.206 0.022 0.060 
Hemp 
c
 0.702 0.224 0.057 0.017 
Istle 
c
 0.735 0.070 0.174 0.019 
Jute 
d
 0.654 0.176 0.144 0.025 
Ramie 
e
 0.701 0.098 0.093 0.067 
Sisal 
f
 0.560 0.240 0.090 0.011 
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composition are summarized in Table 1-1.  Besides cellulose which is seen as the 
main components in woods, hemicellulose, lignin and a comparably small amount of 
other components such as extractives, inorganics (ash), protein, wax and pectin are 
also present.  
 
1.3.1 Cellulose molecular structure 
 Cellulose is a linear homopolysaccharides consisting of                                    
β-1,4 D-glucopyranose units. The adjacent units are arranged so that glucosidic 
oxygens point in opposite directions to form cellobiose, the actual repeating unit of 
cellulose. The cellobiose units, illustrated in Fig. 1-2, are linked together to form an 
extended, linear chain.  
 
                                                                    
  Fig.1- 2 The cellobiose unit of cellulose molecular structure 
 
 The parallel chains are later bonded each other by inter- and intra-molecular 
hydrogen bonds forming cellulose molecules. The presence of inter-molecular 
hydrogen bonds is responsible for the sheet-like nature of the native polymer, 
whereas the intra-molecular hydrogen bonds are relevant with regards to the single-
chain conformation and stiffness. This resulted in aggregation of a highly crystalline 
and paracrystalline regions of cellulose microfibrils. The products on the 
combination of these microfibrils (~ 2-5 nm width) are cellulose fibers (Isogai 1994).  
Due to the massive linkages, cellulose has becoming highly inert and resistant 
to hydrolysis. This may explain why oligomers with a degree of polymerization   (DP) 
≥ 6 are practically insoluble, despite that the molecule itself has a hydrophilic 
character. The physical properties, chemical reactivity and biological functions of 































stronger (1 GPa), when measured along the polymer length, than nylon, silk, chitin, 
tendon, etc (Ashby et al. 1995).  
The DP indicates the number of glucopyranose units in cellulose molecules. 
On average, the DP of native celluloses is higher than that of the treated celluloses. 
Table 1-2 reveals some examples to show the differences of DP on native and treated 
celluloses (Heinze 1998; Zugenmaier 2008).  
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The DP of the treated celluloses on average is seen to be shorter i.e., < 5,000. 
The soluble oligosaccharides are shorter fragments of cellulose with DP up to 12, 
which are soluble and only slightly soluble for DP ≤ 6 and 6 < DP < 12, respectively 
(Pereira et al. 1988; Zhang and Lynd 2004; Ehara and Saka 2005). The DP of a 
molecule portrays its character, thus DP is seen as an important property for 
cellulosic materials.  There are many established DP test methods for cellulose, for 
instance, cellulose dissolution in cupriethylenediamine solution (TAPPI 1982), 
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organic solvents or inorganic acids followed by derivatization or ionic solutions. The 
DP of cellulose may be represented in terms of the number-average, weight-average 
or viscosity-average and measured by diverse instruments such as osmometry, size-
exclusion chromatography or determination of reducing-end concentration, 
cryoscopy etc (Zhang and Lynd 2005).  
  
1.3.2 Crystalline structure 
 The crystalline structure of cellulose has been demonstrated by studies with 
X-ray diffractometry (XRD), electron diffractometry, infrared (IR) spectroscopy, 
Raman spectroscopy etc (Marchessault and Liang 1960; Sugiyama et al. 1991a, 
1991b; Horii 2000; Fujita and Harada 2001). The cellulose crystallites are imperfect 
in terms of crystallinity, crystalline size, cellulose molecules orientations and 
crystalline purity (Isogai 1994). To determine the coordinates of all heavy atoms of 
cellulose in a unit cell, various crystallographic planes are used to describe the unit 
cell of cellulose (Gardiner and Sarko 1985; Isogai 1994; Langan et al. 2001; 
Nishiyama et al. 2002, 2003; Wada et al. 2004a). In this chapter, the [001] direction 
on an a-b plane is used to describe the projection of unit cells of cellulose.  
 
1.3.3 Cellulose polymorphs 
 There have been extensive studies devoted for the investigation on cellulose 
polymorphs (Gardner and Blackwell 1974; Hayashi et al. 1975; Sarko et al. 1976; 
Isogai et al. 1989; French et al. 1993; Isogai 1994; Nishiyama et al. 2002, 2003; 
Wada et al. 2004a, 2004b). The interest arises due to the vast abundance of cellulose 
in nature and their technological utilization on a very large scale. Each of the 
polymorphic form has a significant difference from the technological point of view, 
and their presence in a cellulose-based product markedly affects their properties.  
 There are six known polymorphs of cellulose, namely celluloses I, II, IIII, IIIII, 
IVI, and IVII, identified by their characteristic XRD patterns as well as 
13
C nuclear 
magnetic resonance (NMR) spectra. These celluloses can be prepared by various 
methods and may be interconverted (Isogai 1994). The interconversion process of 




Fig. 1-3 Polymorphy of celluloses (Kroon-Baternburg et al. 1996) 
 
Native cellulose, also known as cellulose I, is abundant in nature and has 
parallel arrangement of chains, whereas cellulose II can be prepared by two distinct 
routes: mercerization by alkali treatment and regeneration through solubilization and 
subsequent recrystallization. It is thermodynamically more stable in structure with an 
antiparallel arrangement of the strands and some inter-sheet hydrogen bonds. 
Celluloses IIII and IIIII can be prepared from celluloses I and II, respectively, by 
treatment with liquid ammonia or organic amines. The swelling of cellulose from the 
treatment is a simple and classical way to increase the accessibility of crystalline 
cellulose (Da Silva Perez et al. 2003). On the other hand, celluloses IVI and IVII can 
be obtained by heating celluloses IIII and IIIII, respectively, at 260 ˚C in pressurized 
glycerol (Hayashi et al. 1975; Isogai 1994; O‘Sullivan 1997). 
 
1.3.3.1 Cellulose I 
 Cellulose I has a monoclinic unit cell with space group P21 and parallel 
arrangement of chains (Meyer and Misch 1937). It could be further classified into 
two polymorphs, celluloses Iα and Iβ, whose detailed structures have been established 
recently through synchrotron X-ray and neutron fiber diffraction studies (Atalla and 
VanderHart 1984; Sugiyama et al. 1991a; French et al. 1993; Nishiyama et al. 2002, 



















cellulose Iα and a doublet for cellulose Iβ. This rather small difference indicates a 
different hydrogen bonding pattern of the glucosidic linkages. Cellulose Iα is 
described as a triclinic structure, with one cellulose chain per unit cell, whereas a 
monoclinic with two chains per unit cell for cellulose Iβ. Their unit cell projections in 
[001] directions are shown in Fig. 1-4.  
          
Fig. 1-4 Sheet-like arrangements of celluloses Iα (Nishiyama et al. 2003) and Iβ 
(Nishiyama et al. 2002) 
 
 Marine algal and bacterial celluloses are found to be rich in cellulose Iα with 
the average mass (𝑚 )  of 63% (Isogai 1994), while ramie, cotton and wood are 
dominated by cellulose Iβ with 𝑚  of about 80%. Cellulose Iβ chains are packed in a 
more stable form in its unit cell than that of Iα (Yamamoto and Horii 1993).  It has 
also been shown that cellulose Iα is entirely transformed into cellulose Iβ phase 
without losing its crystallinity, by hydrothermal treatment or by treatments with 
various solvents (Wada et al. 2004a).  
 
1.3.3.2 Cellulose II 
Cellulose II has a two chain unit cell with space group P21 and has parallel 
chain arrangement.  It can be prepared from cellulose I by mercerization process, i.e., 
the intra-crystalline swelling of cellulose I in 17-22 % (w/v) aqueous sodium 
Cellulose Iα Cellulose Iβ
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hydroxide (NaOH), followed by decomposition of the intermediate via washing out 
the NaOH (Kolpak et al. 1978; French et al. 1993; Zugenmaier 2008). The swelling 
allows for reorganization of the chains and results in cellulose II when the swelling 
agent is removed.  Nevertheless, the molecular mechanism of the conversion during 
the swollen state is largely unknown.  It can also be prepared by regeneration process 
by dissolving cellulose in a derivative-forming solvent and then reprecipitating it by 
diluting in water.  Both procedures lead to the same unit cells. The conversion of 
cellulose I to cellulose II is generally considered to be irreversible. The unit cell 
projection of cellulose II is shown in Fig. 1-5. 
 
 
Fig. 1-5 Sheet-like arrangements of cellulose II (Langan et al. 2001) 
 
1.3.3.3 Cellulose III 
Cellulose III is an important cellulose allomorph because it is the basis for 
composite cellulose. It is a low-temperature modification structure of cellulose 
(Kulshreshtha 1979). Two crystalline cellulose structures IIII and IIIII that can be 
prepared by treating cellulose I and cellulose II, respectively, with liquid ammonia or 
organic amines, followed by washing with alcohol and drying in air (Marrinan and 
Mann 1956; Hayashi et al. 1975; Chanzy et al. 1983; Isogai 1994). This conversion, 
however, is reversible (Kroon-Baternburg et al. 1996; Wada 2001).  The unit cells 
for both allomorphs are found to be very similar, with some differences in intensities 
of the meridional reflections only (Sarko et al. 1976). These findings were recently 
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supported by a comparison of the two similar X-ray fiber patterns of celluloses IIII 
and IIIII. However, it is assumed that the two structures pack in quite different 
fashion, parallel arrangements in cellulose IIII and anti-parallel in cellulose IIIII. This 
is concluded from the fact that cellulose IIII can revert back by boiling water for 30 
min (Roche and Chanzy 1981) or through a solvent complex to the parallel-packed 
cellulose I and that cellulose IIIII can be converted by the same heat treatment to 
antiparallel-packed cellulose II.  
 
 
Fig. 1-6 Sheet-like arrangements of celluloses IIII and IIIII (Wada et al. 2004b) 
 
Similar X-ray diagrams for celluloses IIII and IIIII were found and a two-
chain unit cell for cellulose IIII was proposed as in Fig. 1-6 (Wada et al. 2004b).  
This idea was motivated by the necessity for two anti-parallel running chains in 
cellulose IIIII and the almost identical X-ray patterns of the two structures. 
 
1.3.3.4 Cellulose IV 
 In contrast with cellulose III, cellulose IV is a high modification structure of 
cellulose (Kulshreshtha 1979). Celluloses IVI and IVII are produced by heating 
celluloses IIII and IIIII, respectively, in a pressurized glycerol treatment for 30 min at 
260 ˚C (Hayashi et al. 1975; Isogai, 1994).  Glycerol acts as a protective plasticizing 
medium, allowing the cellulose molecules to retain sufficient mutual mobility in 
order to arrange themselves into another stable lattice at 250 ˚C. There is no 
additional compound of cellulose and glycerol is formed during this conversion.  
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 Figure 1-7 shows the structure of celluloses IVI and IVII. The XRD patterns 
of celluloses IVI and IVII and their unit cells are very similar but their derived 
structures can be distinguished upon heterogeneous acetylation. It is necessary to 
convert cellulose I to cellulose IIII before its transformation into cellulose IVI 
because of fibrillation of cellulose microfibrils. It makes them more accessible to the 
reaction for conversion to cellulose IVI that occurred through the change to cellulose 
IIII. The perfection of cellulose IVI depends on the crystallinity of the original 
sample either the starting material being celluloses I or IIII. 
 
        
Fig. 1-7 Projection of the celluloses IVI and IVII (Gardiner and Sarko 1985) 
  
 In a recent study using clodaphora, the structure of cellulose IVI was revealed 
to contain lateral disorder of cellulose I (Wada et al. 2004a), agreeable with other 
findings that cellulose IVI comprise mixtures of celluloses IVI (~ 60 %) and I 
(Marrinan 1956; Isogai 1989; Newman 2008). In either case, the structure cannot be 
termed as cellulose I, thus, it seems acceptable to consider it as cellulose IVI, like in 
the literatures (Chanzy et al. 1979; Gardiner and Sarko 1985). A study was done on 
disencrusted cellulose sub-elementary fibrils of the primary cell wall of cotton and 
rose cells which lead to the conclusion that the two observed diffraction spots on the 
equator agreed with that of cellulose IVI but not cellulose I (Chanzy et al. 1979). 
 The morphology of the heavily treated initial cellulose may facilitate a 
rearrangement of the chains during the conversions as observed by Wada et al. 
(2004a), which may be hindered through morphological restraints. In the case of the 
Cellulose IVI Cellulose IVII
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sub-elementary fibrils studied by Chanzy et al. (1979) the lateral disorder seemed to 
be an intrinsic property of the fibrils and cannot be erased by treatments normally 
leading to cellulose I (Zugenmaier 2008).   
 
1.4 Decomposition of Cellulose for Bioethanol and Biochemical Productions  
 The decomposition of cellulose has been receiving considerable attention for 
both bioethanol and biochemical productions. Hydrolysis of cellulose, especially 
involving high temperature and pressure, is very often not only producing sugars 
alone, but also other degraded products (through dehydration and fragmentation) 
such as furfural, erythrose etc (Antal and Mok 1990a; Ehara et al. 2002; 
Phaiboonsilpa et al. 2010). For this reason, it is safe and valid to define the process of 
breaking down of cellulose as decomposition of cellulose which literally includes 
either/both hydrolysis or/and degradation processes.  
Numerous methods on physico-chemical, chemical, enzymatic and 
hydrothermal treatments have been utilized worldwide for decomposition of 
cellulose, in order to obtain sugar molecules, particularly, glucose for further 
fermentation process (Eriksson 1982; Bobleter et al. 1983; McMillan 1994; Bjeree    
et al. 1996; Ando et al. 2000; Aden et al. 2002; Kumar et al. 2010; Mittal et al. 2011).  
In literatures, the methods are mostly described as pretreatment steps for 
lignocellulosic materials because cellulose is associated with hemicellulose which is 
encrusted with lignin.  
This study focuses on cellulose, thus it would rather be described as treatment 
technology for cellulose decomposition. Some selected well-known treatment 
technologies that will be discussed broadly are classified into chemical, enzymatic 
and hydrothermal treatments. It is also common to have one or more combinations of 
treatment methods for cellulose decomposition such as acid hydrolysis followed by 
enzymatic treatment etc. 
Despite of various methods available and applied, the two main key limiting 
factors for cellulose decomposition are still on existing, (1) the accessibility of the 
surface contact of cellulose and (2) cellulose crystallinity (Xiao et al. 2011). The 
reduction on these factors would significantly improve the decomposition process 
(McMillan 1994).  In addition, better sugar yields can be obtained if the formation of 
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sugars or the ability to subsequently produce sugars by enzymatic hydrolysis can be 
improved and the degradation or loss of carbohydrates can be avoided during the 
process of cellulose decomposition (Sun and Cheng 2002).  
 
1.4.1 Chemical treatments 
1.4.1.1 Acid/alkali hydrolysis 
 The acid/alkali hydrolysis methods are widely used for cellulose 
decomposition. These treatments increase surface area and reduce the cellulose 
crystallinity due to structural swelling and dissolution. There are two types of 
cellulose swelling involved, inter-crystalline and intra-crystalline. Inter-crystalline 
swelling can be affected by water, whereas intra-crystalline swelling requires a 
chemical agent for breaking the hydrogen bonding of the cellulose.  
 Acid hydrolysis can be performed with several types of acids, including 
sulfuric, hydrochloric, phosphoric, formic etc and can be either concentrated or 
diluted (Harris and Beglinger 1946; Camacho et al. 1996). Processes involving 
concentrated acids are operated at low temperature and give high yields (e.g., 90 % 
of theoretical glucose yield). However, a large amount of acids used cause problems 
associated with toxicity to the environments, corrosion and energy demand for acid 
recovery process (Jones and Semrau 1984). The concentrated acid must be recovered 
after hydrolysis to make the process economically feasible (Sivers and Zacchi 1995).  
On the other hand, dilute acid hydrolysis requires high temperature treatment for 
acceptable conversion rates of cellulose to glucose.  Unfortunately, acidity and high 
temperature increase both the rate of cellulose hydrolysis and the rate of 
decomposition of glucose products (Jones and Semrau 1984; McMillan 1994).  
 Alkali hydrolysis is usually used to enhance enzymatic hydrolysis of 
cellulosic materials (Karr and Holzapple 2000). The main reagents used for this 
process is NaOH, ammonia, calcium hydroxide, and oxidative alkali. Dilute NaOH 
aqueous solution causes disruption of carbohydrate linkages and swelling of 
cellulose, a reduction of cellulose crystallinity, an increase in surface area and a 




1.4.1.2 Ionic liquid 
 Ionic liquids are a group of new organic salts that exist as liquids at a 
relatively low temperature. They are chemically and thermally stable, non-flammable 
and have low volatility (Zhu et al. 2006). These properties can be tuned to 
dissolve/liquefy a wide variety of compounds including cellulose.   
 Liquefaction of cellulose in ionic liquids, such as 1-ethyl-3-
methylimidazolium chloride (Miyafuji et al. 2009), 1-butyl-3-methylimidazolium 
chloride (Sievers et al. 2009), 1-allyl-3-methylimidazolium chloride (Zhu et al. 2006), 
1-ethyl-3-methylimidazolium acetate (Lee et al. 2009; Cetinkol et al. 2010) etc. and 
their subsequent regeneration to amorphous cellulose by using anti-solvent such as 
water, ethanol, methanol, acetone has gained many research interests. Cellulose 
crystalline structure is observed to be gradually broken down in ionic liquid 
treatment (Miyafuji et al. 2009). The hydrolysis rate of regenerated cellulose is 
significantly increased and the initial rates of hydrolysis are approximated to be in 
the order of magnitude higher than that of untreated cellulose (Dadi et al. 2006). 
While, a nearly complete conversion of the carbohydrate fraction into water-soluble 
(WS) products is readily observed at 120 ˚C in ionic liquids, which is lower than the 
temperatures typically applied for aqueous-phase hydrolysis (Sievers et al. 2009). 
After regeneration of celluloses, the ionic liquids can be recovered and reused, 
however the cost and recycling of ionic liquid are the major disadvantage of the 
process.  
   
1.4.2 Enzymatic treatments 
 Enzymatic treatment, also known as enzymatic saccharification, is a slow 
process and the extent of hydrolysis is influenced by the structural properties such as 
cellulose crystallinity, surface area, DP and porosity (Mittal et al. 2011). It is carried 
out by a highly specific enzyme called cellulase (Béguin and Aubert 1994). The 
products of the treatment are usually monosaccharides such as glucose, though some 
cellobiose could still present in the end results as products.  
 The enzymatic hydrolysis has low energy consumption because it is usually 
conducted at mild conditions (pH 4.8-5.0, ≤ 50 ˚C), has low waste disposal and no 
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corrosion problems (Duff and Murray 1996; Mittal et al. 2011). However, some 
challenges such as the retardation of hydrolysis rate, high cellulose loading and little 
knowledge about the cellulose kinetics are very commonly faced. The cellulase can 
be produced from both bacteria and fungi, however the cellulase excreted from 
bacteria is more complicated than that of fungi as it is produced as intracellular 
enzyme. These microorganisms can be aerobic or anaerobic, mesophilic or 
thermophilic.  
Bacteria belonging to species such as Clostridium, Cellulomonas, 
Thermomonospora, Ruminococcus etc can produce cellulase (Bisaria 1991). Among 
those, Cellulomonas ﬁmi and Thermomonospora fusca have been extensively studied 
for cellulase production. Many cellulolytic bacteria, particularly the cellulolytic 
anaerobes such as Clostridium thermocellum and Bacteroides cellulosolvens produce 
cellulases with high speciﬁc activity but do not produce high enzyme titres (Duff and 
Murray 1996). They have a very low growth rate and require anaerobic growth 
conditions, thus, most research for commercial cellulase production has focused on 
fungi. Fungi that have been reported to produce cellulases include Sclerotium rolfsii, 
Phanerohaete chrysosporium and species of Trichoderma, Aspergillus and 
Penicillium (Fan et al. 1987; Duff and Murray 1996). From these, Trichoderma has 
been most extensively studied for cellulase production (Sternberg 1976).  
Cellulases are usually composed of 3 major components that are involved in 
the treatment process: (1) endoglucanase - attacks regions of low crystallinity in the 
cellulose ﬁber to create free chain-ends; (2) cellobiohydrolase - degrades the 
molecule further by removing cellobiose units from the free chain-ends; and             
(3) β-glucosidase - hydrolyses cellobiose to produce glucose (Sun and Cheng 2002). 
During the treatment, cellulose is decomposed by the cellulase to reducing sugars 
from its long chains, which can be fermented by yeasts/bacteria to produce ethanol 








1.4.3 Hydrothermal treatments 
1.4.3.1 Sub/supercritical water 
 Water has a relatively high critical point (374 ˚C/22.1 MPa) due to the strong 
interaction between the molecules that are caused by numerous hydrogen bonds. 
Liquid water below the critical point is referred as subcritical water whereas water 
above the critical point is termed supercritical water. Both density and dielectric 
constant of the water medium play major roles in solubilizing different compounds.  
At these conditions, water becomes a good solvent for cellulose so that its 
decomposition can take place without any catalysts, resulting in the efficient 
conversion into various WS saccharides (Antal and Mok 1990b; Minowa et al. 1998; 
Ando et al. 2000; Sasaki et al. 2002; Kamio et al. 2006).  
 When water is heated, hydrogen bondings start to weaken, allowing the 
dissociation of water into acidic hydronium ions (H3O
+
) and basic hydroxide ions 
(OH
−
). The structure of water changes significantly near the critical point because of 
the breakage of infinite network of hydrogen bonds (Kalinichev and Churakov 
1999). In fact, dielectric constant of water decreases considerably near the critical 
point, which causes a change in the dynamic viscosity and also increases self-
diffusion coefficient of water (Marcus 1999).  





 ion concentrations compared to ambient water, which offers a highly 
interesting reaction medium for hydrolysis process. Acid neutralization is not 
required because the H
+
 ion concentration is a function of temperature and decreases 
when the temperature is lowered.  
 The intermediates formed during the reactions show a high solubility in 
sub/supercritical water; hence reaction steps are mainly homogeneous. Diffusion 
related problems such as mass transfer through the interface are not encountered in 
homogeneous reaction (Kruse and Gawlik 2003; Peterson et al. 2008).  The physical 
properties such as viscosity, ionic products, density, dielectric constant and heat 
capacity, change dramatically in the sub/supercritical regions with only a small 
change in the temperature or pressure, resulting in a substantial increase in the rates 
of chemical reactions (Franck 1987; Savage 1999). These substantial changes in the  
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physical and chemical properties of water in the vicinity of its critical point can be 
utilized advantageously for cellulose decomposition (Dinjus and Kruse 2004; 
Peterson et al. 2008).  
 Sasaki et al. (2000, 2003) suggested that cellulose hydrolysis at high 
temperature takes place with liquefaction in water. This is probably because of the 
cleavage of intra- and inter-molecular hydrogen bondings in the cellulose crystal. 
The decomposition rate of cellulose in subcritical water treatment was found to be 
extremely high, however, the hydrolysis rate of cellulose was much lower than the 
degradation rate of glucose and its oligomers (Sasaki et al. 1998). While in another 
study (Saka and Ueno 1999), cellulose was rapidly decomposed in supercritical 
water for 5-10 s to produce cellobiose, glucose and levoglucosan. However, glucose 
was further degraded due to the high temperature of the supercritical water treatment.  
 
1.4.3.2 Hot-compressed water  
 Several years ago, it was clarified that high pressure (40-70 MPa) and high 
temperature (350-400 ˚C) enhanced the dehydration of glucose to                                
5-hydromethylfurfural (5HMF) that caused inhibitory effect to the subsequent 
fermentation process (Aida et al. 2007). Moreover, the economic and environmental 
constrains limit the applicability of these subcritical/supercritical methods (Liu and 
Wyman 2005). As a result, hot-compressed water (HCW) appears as a better option 
for decomposition of cellulose.   
 The HCW refers to the water at sub/supercritical state, or at sufficiently high 
pressure and temperature (Phaiboonsilpa 2010). It has a milder condition process 
with high ionic products as compared to sub/supercritical water treatment, 
environmentally friendly characteristics and attractive reaction media for a variety of 
applications (Ando et al. 2000; Rogalinski et al. 2008).  
 The HCW system can be categorized as batch- and flow-type systems 
(Kusdiana et al. 2002).  The decomposition reaction of cellulose is dominant in 
batch-type reaction; therefore, a flow-type HCW treatment is preferable (Ehara        
et al. 2002; Liu and Wyman 2003). Another kind of HCW system is a semi-flow type. 
It resulted better digestible cellulose (Xiao et al. 2011), greater removal of lignin 
(Tirtowidjojo et al. 1988), higher sugar recovery from hemicelluloses (Bobleter et al.  
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1983) and less inhibitors in the hydrolyzed liquid as compared with the conventional 
batch and co-current flow systems (Liu and Wyman 2003).  
 Recently, the two-step semi-flow HCW treatments were used to study the 
chemical conversion of lignocellulosic biomass (Lu et al. 2009; Phaiboonsilpa 2010; 
Phaiboonsilpa et al. 2010, 2011) and revealed that 230 ˚C/10 MPa/15 min and           
270 ˚C/10 MPa/15 min were, respectively, the optimum conditions for 
decomposition of hemicellulose and cellulose. It was shown that the main reaction of 
saccharides involve hydrolysis, dehydration and fragmentation. 
 
1.5 Summative Description of This Dissertation   
 While cellulose decomposition has been prominent for bioethanol and 
biochemical productions around the world, the study on the decomposition has been 
primarily limited to only celluloses I, II and IIII by using conventional methods. 
Therefore, it is the aim of this dissertation to study in depth on decomposition 
behaviors of various crystalline celluloses (I, II, IIII, IIIII, IVI and IVII) by 
hydrothermal treatment. It specifically focuses on the fundamental understanding of 
the reactions involved in the treatment by investigating the hydrothermal conversion 
of various crystalline celluloses and additionally, to determine quantitatively various 
hydrolyzed and degraded products obtained.  
The Chapter 1 of this dissertation has been covered as introduction that 
discussed on the importance of lignocellulosic resources, cellulose backgrounds and 
the trends on cellulose decomposition treatments by diverse methods starting with 
conventional to the newly developed technologies, discussion of their advantages and 
weaknesses, as well as the issues that lead to the importance of the current study.  
 In Chapter 2, various crystalline celluloses were prepared as feedstocks. By 
using semi-flow HCW system as the treatment medium, decomposition behaviors of 
the celluloses at 230-270 ˚C/10 MPa/2-15 min were studied thoroughly. This chapter 
focused principally on understanding the changes in the physical characteristics of 
these celluloses such as the DP and crystallinity. It was observed that the crystallinity 
remained unaffected during the treatment, whereas the DP decreased with treatment 
temperatures. This study revealed that the decomposition behaviors were dependent 
on the different crystalline forms of the starting celluloses.   
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 In contrast, decomposition behaviors of the celluloses were also explored by 
means of lower pressure and temperature treatment i.e., through enzymatic 
saccharification. Here, the well-known cellulase complex of the mesophilic soft rot 
fungus Trichoderma viride was used. The similar parameters such as DP and 
crystallinity of the celluloses were considered. The crystallinity, DP and the residue 
were observed to be decreasing with treatment times. The details of the study were 
discussed in Chapter 3.  
 As a further approach, using mainly data obtained from the WS portions, the 
hydrothermal decomposition of the celluloses as treated by semi-flow HCW were 
explored in Chapter 4. The hydrothermal decomposition and its decomposition 
kinetics were found to be dependable on treatment temperature as well as crystalline 
form of celluloses. The hydrothermal decomposition of the celluloses was found to 
be similarly following the decomposition pathways of cellulose I (Phaiboonsilpa et al. 
2010). In this treatment, hydrolysis reaction was shown better because less 
degradable products were obtained. 
 Cellulose III is an important cellulose allomorph as it is the basis for 
composite cellulose. Thus, a comprehensive examination was conducted for the 
polymorphs of the cellulose in HCW treatments and reported in Chapter 5. It was 
found that celluloses IIII and IIIII were reconverted into their respective parent 
celluloses and were dependent on pressures and temperatures within HCW condition 
limits.  
 For Chapter 6, the molecular dynamics (MD) simulation was examined for 
the decomposition behaviors of the crystalline models cellulose Iβ, II, IIII and IVI 
under the HCW condition. The MD simulation, however, can only illustrate how the 
crystalline celluloses decompose qualitatively, but not quantitatively, and the 
procedure was unable to differentiate the biochemicals produced in the WS portions. 
The study shows that the hydrogen bonding interactions play important roles in the 
process and the decomposition behaviors were due to different crystalline form of 
celluloses, in good agreement with the experimental data reported in Chapter 2.   
 Finally, the decomposition behaviors of the celluloses based on the studies 
presented earlier were summarized and concluded in Chapter 7. Prospects for the 
future studies to fulfill this present research were moreover proposed in this chapter.  
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CHAPTER 2  




For the past three decades, hydrothermal treatment, such as hot-compressed 
water (HCW), has attracted much attention due to its suitability as a non-toxic, an 
environmentally benign, a non-catalytic and an inexpensive medium for 
lignocelluloses hydrolysis (Bobleter et al. 1976; Bobleter et al. 1983; Yu and Wu. 
2010). About 4-22 % of cellulose was decomposed in HCW                                                        
(200-230 ˚C/34.5 MPa/15 min) by using flow-type treatment (Mok and Antal 1992). 
Bobleter and coworkers (1976, 1983) have shown that passing HCW continuously 
through a stationary biomass bed, also known as, semi-flow HCW treatment, resulted 
better digestible cellulose (Xiao et al. 2011), greater removal of lignin (Tirtowidjojo 
et al. 1988), higher sugar recovery from hemicelluloses and less inhibitors in the 
hydrolyzed liquid as compared with the conventional batch and co-current flow 
systems (Liu and Wyman 2003). 
Previously, the two-step semi-flow HCW treatments of lignocelluloses 
biomass (Lu et al. 2009; Phaiboonsilpa et al. 2010, 2011) have suggested that          
230 ˚C/10 MPa/15 min and 270 ˚C/10 MPa/15 min were optimum conditions for 
decomposition of hemicelluloses and cellulose, respectively. Thus, the objective of 
this work is to investigate comprehensively the hydrothermal decomposition 
behaviors of various crystalline celluloses as treated by semi-flow HCW through 














2.2 Materials and Methods 
2.2.1 Preparation of various crystalline celluloses 
 The celluloses were prepared from cotton linter (Buckeye 1AY-500), which, 
in its native form is cellulose I (cell I). Mercerized cellulose with crystalline form  of 
cellulose II (cell II) was prepared from cell I by soaking it into 20.0 % of aqueous 
NaOH solution for 24 h at ambient temperature, followed by washing thoroughly 
with water and freeze-drying (Isogai et al. 1998). Samples with the crystalline forms 
of celluloses IIII (cell IIII) and IIIII (cell IIIII) were prepared from cell I and cell II, 
respectively, by soaking them in 100 % ethylenediamine (EDA) for 24 h at ambient 
temperature, washed with dried methanol and kept under vacuum.  
The prepared cell IIII and cell IIIII were further used for the preparation of 
celluloses IVI (cell IVI) and IVII (cell IVII). They were firstly soaked in glycerol for   
3 days at ambient temperature and then heated in a reaction vessel at                           
260 ˚C/0.6 MPa/30 min (Isogai et al. 1989). After cooling down to ambient 
temperature, the product was washed with water and acetone successively and dried 
in vacuum. To simplify, the cotton linter (cell I) was converted into group I (celI I, 
cell IIII, cell IVI) and group II (cell II, cell IIIII, cell IVII) celluloses. The chemical 
compositions of these celluloses were also analyzed and all the cellulose samples 
were found to contain similar components of about 99.9 wt% glucose and 0.1wt% 
xylose.   
 To evaluate decomposition behaviors for the celluloses by semi-flow HCW 
treatment, celluloses with similar degree of polymerization (DP) are appropriate for 
their comparison. Consequently, these celluloses were adjusted by trials and errors 
for their DPs. Cell I were heated in HCW conditions at                                                    
100-200 ˚C/10 MPa/10-15 min prior to the preparation processes above and 
measured the DP. This is repeated until the DP is almost similar.  
 
2.2.2 Determination of degree of polymerization and crystallinity of the celluloses 
The DP is an important parameter to be considered in order to study the 
decomposition behaviors. The viscosities of the celluloses were measured by using 
0.5M cupriethethylenediamine (Cuen) (TAPPI, 1982) in a Cannon Fenske capillary 
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viscometer. The viscosity average DP of the cellulose samples was calculated from 
the intrinsic viscosity [η] according to the Eq. (2-1) (Sihtola et al. 1963): 
 
   DP
0.905
 = 0.75[η] Eq. (2-1) 
 
Apart from the DP, the crystallinity of the celluloses is another essential 
parameter. The X-ray diffraction (XRD) patterns of these celluloses were recorded 
by X-ray diffractometer Rigaku RINT 2200 equipped with monochrometer. About 
20 mg of cellulose was placed on a glass sample holder and flattened carefully, then 
mounted on the sample holder. X-ray diffraction was conducted on reflectance 
modes through a 2θ range between 7.5 ˚ and 32.5 ˚ by Cu-Kα radiation (λ=0.1542 
nm), operated at 40 kV and 30 mA at ambient temperature. Gaussian functions were 
used to deconvolute the XRD patterns of various crystalline celluloses. The 
crystallinity was then calculated from the ratio of the area of all crystalline peaks 
with less background to the total area (Park et al. 2010). 
 The diffraction angles of each XRD pattern and their assignment diffraction 
planes are summarized based on a newly proposed conventional indexing for various 
unit cells of cellulose (French 2014). Here, the unit cells were mainly referenced to 
the orientation along c-axis, whereby various data from literatures and experimental 
approaches were used, thus some variations may occur (Gardiner and Sarko 1985; 
Isogai 1994; Langan et al. 2001; Nishiyama et al. 2002, 2003; Wada et al. 2004a, 
2004b).  
 
2.2.3 Fourier transform-infrared analysis of residual celluloses  
 The Fourier Transform-Infrared (FT-IR) analysis was carried out for the 
residues of the celluloses obtained after HCW treatments. The spectra of the dried 
sample pellets in KBr were recorded using a Shimadzu IR-8000 spectrophotometer. 
All the spectra were recorded with an accumulation of 64 scans, revolution of 4 cm
-1
, 








2.2.4 Treatment of the celluloses by semi-flow hot-compressed water  
The prepared celluloses (about 0.4 g) as starting materials were treated 
individually within a 5 ml reaction vessel in a semi-flow HCW system at 
temperatures of 230, 250 and 270 ˚C under 10 MPa for 2-15 min. The semi-flow 
HCW conversion system and its operational procedures as explained elsewhere were 
adapted for this study (Lu et al. 2009; Phaiboonsilpa et al. 2010, 2011). Briefly, the 
ambient distilled water from a water tank was flown through the reaction vessel by a 
pump in order to pressurize the system at 10 MPa controlled by a back-pressure 
regulator. To raise the temperature, the preheating unit monitored by thermocouples 
was used to reach at the designated temperature of 230, 250 and 270 ˚C for about     
20 min under 10 MPa and remain constant for additional 15 min, totally 35 min. In 
vaddition, another heating unit was installed at the reaction vessel to maintain the 
designated temperature in the reaction vessel, into which the HCW was passed 
through at the flow-rate of 10 ml/min.  
 
Fig. 2-1 The experimental process to study the decomposition behaviors of the 
prepared celluloses 
 
 The treatments yielded residues of celluloses and water-soluble (WS) 
portions. The analysis on WS portions will be discussed in details in Chapter 4. After 
the HCW passing through reaction vessel, the WS portions were cooled down 
immediately by the cooling system to terminate all reactions. The WS portions 
Water-Soluble Residue
Semi-Flow HCW Treatment





Cell I, II, IIII, IIIII, IVI and IVII
Prepared From Cotton Linter 
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collected every 5 min were allowed to settle in ambient temperature and pressure for 
a minimum of 12 h, before filtering them by 0.45 μm membranes prior to subsequent 
analysis. The residues of celluloses left in the reaction vessel were, conversely, 
collected, dried unless otherwise mentioned and evaluated for its DP and crystallinity, 
again (Ehara and Saka 2002; Kumar et al. 2010). The experimental process for the 
study is illustrated in Fig. 2-1. 
  
2.3 Results and Discussion 
2.3.1 Characteristics of the starting celluloses 
The XRD patterns and the DP of the starting celluloses obtained after the 
adjustments are demonstrated in Fig. 2-2 and Table 2-1, respectively.  
 
                   Fig. 2-2 The XRD patterns for the celluloses prepared for this study 
 
 The diffraction angles of each XRD pattern and their assignment diffraction 
planes are summarized in Table 2-2. For the celluloses in Fig. 2-2 and Table 2-1, the 
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Table 2-2 The diffraction planes and angles in XRD patterns of the celluloses 
 




10 / 14.4  110 / 16.3 200 / 22.5 
IIII 010 / 11.7 100 / 20.8 11
_
0 / 20.8  
IVI 11
_




10 / 12.1  110 / 19.7 020 / 22.0 
IIIII 010 / 12.1 100 / 20.4 11
_
0 / 20.4  
IVII 11
_
0 / 15.1  012 / 20.6 200 / 22.5 
I, II and IIII according to French (2014)     
 
 
Cell DP  Crystallinity (%) 
Group I 
I 176 91.8 
IIII 164 86.0 
IVI 167 89.6 
Group II 
II 173 85.3 
IIIII 176 87.2 
IVII 164 85.0 
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2.3.2 Evaluation of the residues of celluloses 
The XRD patterns recorded for the residues of celluloses in group I and group 
II after XRD analysis are shown in Figs. 2-3 and 2-4, respectively. In Fig. 2-3, the 
XRD patterns of the residues from cell I are observed to remain the same as in the 
starting cell I, in contrast with the XRD patterns of residues from cell IIII and        
cell IVI. Two equatorial reflections of cell IIII at 2θ ≈ 11.7 and 20.8 ˚ indexed as 010 
and 11
_
0, respectively, can be observed at the starting of cell IIII. After the HCW 
treatments at 230-270 ˚C/10 MPa/15 min, the peak at 2θ ≈ 11.7 ˚, for all residues 
from cell IIII was totally disappeared, whereas a peak at 2θ ≈ 20.8 ˚ was noticeably 
becoming smaller at elevated temperatures.  
 
Fig. 2-3 The XRD patterns for the residues from cell I, cell IIII and cell IVI (from left 
to right) treated by semi-flow HCW at 230-270 ˚C/10 MPa/15 min 
 
In addition, the XRD peaks at 2θ ≈ 14.4, 16.3 and 22.5 ˚ were intensively 
appeared. These peaks were similar to those of cell I, indexed as 1
_
10, 110 and 200, 






























































converted to cell I. A similar result is reported for cell IIII treated in EDA to be 
reversed and converted into cell I by treatment in warm water, whereas cell IIII 
treated with liquid ammonia (140 ˚C/12 kPa) was found to be stable to boiling water 
for a few hours (Sueoka et al. 1973; Roche and Chanzy 1981; Yatsu et al. 1986; 
Wada 2001; Wada et al. 2008). 
Whereas for cell IVI, the peak at 2θ ≈ 15.4 ˚ (indexed as 11
_
0) was shown to 
slowly emerge into two peaks as it was treated in the elevated temperatures. 
Although the changes were not seen for residue from cell IVI at 230 ˚C, this 
corresponding peak started to be transformed at 250 and 270 ˚C, which was found to 
be corresponded to that of cell I; indexed as 1
_
10 and 110.   
This behavior of cell IVI converted to cell I by HCW is a fairly new 
observation. Previously, it was only known that the similar conversion occurred by 
boiling acid (2.5 N HCl/below 1 h) treatment (Chidambareswaran et al. 1982). 
Though there are credible proofs that showed cell IVI is not a genuine allomorph 
(Wada et al. 2004a; Isogai 1989; Newman 2008), however, the decomposition 
behavior after HCW is not the same as in cell I (see also later in Chapter 4). In this 
case, it is believed that the prepared cell IVI has assisted the decomposition process 
during HCW treatment. During the treatment, it could be speculated that the prepared 
cell IVI (contained lateral disorder structure of cell I) rearranged itself slowly and 
recrystallizing to cell I structure. However, a more detail investigation on this part is 
necessary to confirm the assumption. 
 As for the residues from group II shown in Fig. 2-4, the XRD patterns of 
residues from cell II and cell IVII remained the same. On the other hand, the residues 
from cell IIIII were observed to be transformed to other crystalline form. The peak at        
2θ ≈ 12.1 ˚ (indexed as 010) for all residues from cell IIIII was shown to have no 
changes compared with the control cell IIIII. However, a peak at 2θ ≈ 20.4 ˚ was 
completely emerged into two peaks at 2θ ≈ 19.7 and 22.0 ˚, as can be seen with 
residues from cell IIIII.  
 These peaks corresponded, respectively, to crystalline peaks at 110 and 020 
of cell II. Moreover, a small peak at 2θ ≈ 15.1 ˚ was noticed and became more 
prominent at 270 ˚C, which also matched up with crystalline peak of cell IVII that 
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indexed as 1 1
_
0. Thus, these outcomes of residues from cell IIIII after HCW 
treatments comprised a mixture of cell II and cell IVII.      
Fig. 2-4 The XRD patterns for the residues from cell II, cell IIIII and cell IVII (from 
left to right) treated by semi-flow HCW at  230-270 ˚C/10 MPa/15 min 
   
 All XRD patterns on residues from celluloses in Figs. 2-3 and 2-4 were 
recorded and compared for the dried residues. The XRD analyses were also 
performed for the wet residues from celluloses of cell IIII, cell IVI and cell IIIII, 
consequently resulted the same.  
 Figure 2-5 shows the obtained XRD patterns of residues from cell IIII as 
treated by semi-flow HCW at lower temperature, 230 ˚C/10 MPa/2-15 min. It seems 
apparent that cell IIII has started to be converted to cell I at an early stage of the 
HCW treatment. The peaks for 11
_
0 of cell IIII were disappearing even after 2 min 
treatment. Similar observations were recorded for cell IIII treated at the higher 
temperature (250-270 ˚C/10 MPa/2-10 min). Upon examination on wet residues of 






































































  The same was performed for cell IVI and cell IIIII, at                                     
230-270 ˚C/10 MPa/2-10 min (data not shown) and they were found to behave in a 
similar manner. Cell IVI has started to be converted to cell I at 10 min treatments 
under 250-270 ˚C/10 MPa, whereas for cell IIIII, the conversion has occurred even at 
2 min treatment under 230 ˚C/10 MPa to cell II mainly and to cell IVII to some extent. 
All these results showed that they have already been converted at the early stage of 
the HCW treatment at 230-270 ˚C/10 MPa. Since cell IIIII was observed to be 
converted to cell II and cell IVII, further treatments for cell II were also performed at 
270 ˚C/10 MPa/2-10 min in order to check whether it would be converted to cell IVII. 
However, no significant crystallographic changes was observed, thus it remained as 
cell II at 270 ˚C/10 MPa/2-10 min.  
  
 
Fig. 2-5 The XRD patterns for the residues from cell IIII as treated by semi-flow 
































 In relation to the residues from cell IIII, cell IVI and cell IIIII in Figs. 2-3 to  
2-5, the FT-IR measurements were also performed. Here, the FT-IR spectra focused 
only on the OH stretching regions before and after the HCW treatments, as Fig. 2-6. 
The extensively discussed bands in literatures at 3,480, 3,300 and 3150 cm
-1
 were 
found in the spectra of cell IIII, whereas the residues of celluloses were found to be 
similar as those of halocynthia and ramie which are cell I (cell Iβ type) (Wada, 2001; 
Kokot et al. 2002; Zugenmaier, 2008). The bands at 3,720 cm
-1
 was clearly observed 
showing that cell IIII has been converted to cell I.  
 
Fig. 2-6 The FT-IR spectra for the residues from cell IIII, cell IVI and cell IIIII (from 
left to right) treated by semi-flow HCW at  230-270 ˚C/10 MPa/15 min 
   
 In contrast, neither cell IVI nor cell IIIII was regularly discussed in literatures. 
The residues from cell IVI that consisted of a mixture of cell I and cell IVI, usually 
has higher proportion of cell IVI (Marrinan and Mann 1956; Zugenmaier, 2008).  
Despite the presence of a high proportion of cell IVI, there seems to be no distinctive 
absorption which could be attributed to cell IVI. It is, therefore, assumed that the 
spectra of the residues from cell IVI resemble that from cell I, whereby the structure 
consisted of cell I structure in lateral disorder form.   
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The cell IIIII spectrum has close resemblance with that of cell II as suggested 
by Marrinan and Mann (1956) that the distance of the hydrogen bonding must be 
very similar in the two forms. The general appearance of FT-IR spectra of cell IVII 
spectrum resembled that of cell II. There was somehow no clear shift could be seen 
with the FT-IR spectra obtained after HCW, only, a decrease in intensity of the 
spectra for 270 ˚C/10 MPa/15 min. The appearance of different bands, as compared 
with that of controls cell II, IIIII and IVII, in between 3200 to 3600 cm
-1
 were 
observed with spectra from 250 and 270 ˚C, which could be ascribed from the 
decomposition process.     
         
Fig. 2-7 The possible interconversion pathways for various crystalline celluloses.  
Solid line:  Preparation process; Dotted line:  Transformation by HCW treatment 
 
 All the observations above showed that the interconversion of cell IIII, cell 
IVI and cell IIIII has occurred at either early or later stage of the HCW treatments. 
From these results, a possible interconversion for the preparation process and 
transformation of celluloses by HCW treatments can be summarized as in Fig. 2-7. 
In spite of the crystallographic changes occurred for the residues from cell IIII, 
cell IVI and cell IIIII, the changes in crystallinity and DP for residues of celluloses 
after HCW treatments were demonstrated in Fig. 2-8. The crystallinity for residues 
from cell IIII, cell IVI and cell IIIII was evaluated from the obtained XRD patterns as 
treated by the corresponding temperatures. The overall results were found out to be 
increased slightly and remained almost constant approximately at 90 %. The slight 
increase could be due to the combined effects of an aqueous environment that 
















1995) and annealing that could take place on the cellulose at temperature between 
220 and 280 ˚C (Yamamoto and Wu 1993).  
   
Fig. 2-8 The changes on crystallinity and DP for the residues from the celluloses as 
treated at 230-270 ˚C/10 MPa/15 min by semi-flow HCW 
 
This observation agrees with previous studies, that even at a severe treatment 
temperature 270 ˚C, the crystallinity was observed to remain almost unchanged 
(Sasaki et al. 2000; Jollet et al. 2009; Kumar et al. 2010, Tolonen et al. 2011). One 
study emphasized that (i) crystallinity and (ii) changes in the crystalline form of a 
cellulose; as the two of the main determining factors efficacy of hydrolysis of 
biomass (Cetinkol et al. 2010). However, it is generally thought that drying could 
lead to the formation of new hydrogen bonds and recrystallization, which would 
increase the crystallinity rather than reducing it (Tolonen et al. 2011). 
Contrary to the crystallinity results, the DP for all residues of celluloses was 
seen to decrease slightly with increase in temperature (Tolonen et al. 2011). The 
expectation that the lower DP celluloses such as cell IVII would be easier to 
decompose due to their shorter average lengths of molecules, however, was not 






















































observed in Fig. 2-8. The DP was decreasing and leveling off to about 70, which is 
obvious with group II celluloses, even after the treatment at 270 ˚C/10 MPa/15 min. 
In literatures, the degradation cellulose II from cotton linters of DP 3100 by 
hydrolysis may decrease to a DP of ~ 85 to 70 (Schulz and Husemann, 1942; 
Jörgensen 1950; Shibazaki et al. 1997).  
The present interpretations suggested that the crystalline structure of the 
celluloses were still rigid, but only broken down into shorter-chain of cellulose 
molecules. As temperature increases, the DP decreases which would raise the 
solubility of cellulose in water and conversion of cellulose to the hydrolyzed and 
degraded products (Sasaki et al. 2000; Yu and Wu 2009). In Fig. 2-8, the DP of 
group I celluloses was observed to be generally higher than that of group II. This 
shows that group II is easier to be decomposed as compared with group I. Also, 
based on visual examination, the fibers as the starting materials have been changed 
into powder-liked residues after the HCW treatment. 
Figure 2-9 illustrates the relationship of DP and residues of celluloses after 
HCW treatments. Both are seen to decrease as the treatment temperatures were 
increased. It has also been reported in previous studies that the DP of residues 
gradually decreased with increasing cellulose decomposition (Sasaki et al. 2000; 
Tolonen et al. 2011).  
The overall yield of the residues after semi-flow HCW treatment for various 
types of celluloses is shown in Fig. 2-10. These residues notably decreased with the 
increase in temperatures. The residues of the celluloses obtained particularly at 
treatment condition of 230 ˚C/10 MPa/15 min were still quite high in yield (70-90 
wt%), agreeable with earlier studies that the condition was known not to hydrolyze 
the crystalline cellulose in wood (Lu et al. 2009; Phaiboonsilpa et al. 2010; 2011).   
Since in the present study, the starting DP was adjusted to be the same for all 
celluloses, a direct comparison can be made for decomposition behaviors of the 
celluloses. As DP in the residues of celluloses is a function of cellulose 
decomposition, the observed changes on residues were only due to the different 
crystalline structures of celluloses as starting materials. The various crystalline 
celluloses prepared as the starting materials have assisted the decomposition process 




Fig. 2-9 The relationship between DP and residues from the celluloses as treated by 
semi-flow HCW at 230-270 ˚C/10 MPa/15 min 
 
 Cell I yielded the highest residue among the celluloses used in this study 
followed by cell IIII and cell IVI, as in Fig. 2-10. At 230 and 250 ˚C, both cell IIII and 
cell IVI behaved very similarly, however, cell IVI decomposed more at 270 ˚C as 
compared with cell IIII. This trend was later followed by cell II, cell IIIII and cell IVII. 
Both cell IIIII and cell IVII behaved in the same manner, whereas, more 
decomposition was observed for cell IVII at 270 ˚C as compared with cell IIIII. Cell II 
was observed to have no residues left at 270 ˚C, thus crystallinity and DP values 
were recorded in Fig. 2-8. 
 To sum up, cell I in native crystalline form was found to be the most resistant 
against decomposition, while cell II, cell IIIII and cell IVII were decomposed the most 
as compared with the other types of celluloses such as cell IIII and cell IVI. This 
could be an indication of the easiness for decomposition of the celluloses and it 
seemed likely that group I celluloses (cell I, cell IIII and cell IVI) had higher 
resistance to be decomposed as compared with group II celluloses (cell II,  cell IIIII 
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Fig. 2-10 The changes on the residues from the celluloses as treated at                        
230-270 ˚C/10 MPa/15 min by semi-flow HCW  
  
2.4 Concluding Remarks 
The decomposition behaviors on various types of crystalline celluloses were 
investigated at 230-270 ˚C/10 MPa/2-15 min. To compare directly the effect of the 
treatment, the DP of the celluloses was adjusted by trial and error to be similar prior 
to the treatment. Based on the results of the residues, crystallographic changes were 
found to be occurred during the HCW treatment for cell IIII, cell IVI and cell IIIII. In 
general, group I celluloses (cell I, cell IIII, cell IVI) have been converted to cell I and 
group II (cell II, cell IIIII, cell IVII) to cell II. Despite of these changes, the overall 
results of residues showed that group I has higher resistance to be decomposed than 
group II.  
It was clear that the decomposition behaviors were due to their different 
crystalline forms of celluloses. All these data are useful to understand the behaviors 
of different types of crystalline celluloses that could provide information for efficient 

























































 Numerous studies involving cellulases on celluloses have discovered the 
mechanisms of enzyme degrade cellulose (Fan et al. 1980; Lee et al. 1983; Hsu 1996; 
Cao and Tan. 2002; Yoshida et al. 2008; Hall et al. 2010: Ward 2011). Different 
cellulases changed the degree of polymerization (DP), solubility towards aqueous 
alkali solution and crystallinity of cellulose during enzymatic hydrolysis (Reese et al. 
1957; Sasaki et al. 1979; Puri 1984).  Cellobiose yield was increased by using non-
continuous hydrolysis process without further addition of enzyme (Vanderghem et al. 
2010), while treated celluloses with alkali or anhydrous liquid ammonia affected 
enzyme digestibility based on the relative crystallinity (Mittal et al. 2011).  
 There are many works on enzymatic hydrolysis of celluloses, however, they 
focussed on either one or few allomorphs, explored their kinetics, studied their 
molecular simulations and used bacteria for their treatment (Weimer et al. 1991; 
Wada et al. 2010; Beckham et al. 2011; Mittal et al. 2011). Up to date, no reports are 
yet available that describes the comparison of enzymatic hydrolysis behaviors using 
various celluloses with retention of constant degree of polymerization (DP). 
Therefore, in this study, hydrolysis behavior of the various crystalline celluloses 
during treatment by cellulase of Trichoderma viride is investigated, in addition, to 














3.2 Material and Methods 
3.2.1 Various crystalline celluloses and enzyme 
 The celluloses were prepared according to the methods described in         
Chapter 2. They were adjusted to similar DP which is necessary  for  comparing  and  
evaluating the decomposition products from this work.  
 The cellulase in lyophilized powder from Trichoderma viride Sigma C9422 
was purchased from Nacalai Tesque, Japan. The activity of the enzymes was 
expressed in international units (U), i.e., one international unit of enzyme is defined 
as the amount that catalyzes the formation of one μmol of product per min under the 
defined conditions. The activity was found to be 11.4 U/ml. 
 
3.2.2 Enzymatic hydrolysis for celluloses 
 In a 20 ml glass vials were added 35 mg/ml cellulose, 0.35 U/mg cellulose of 
cellulase and 0.05 M sodium acetate buffer of pH 5.0 (thermostated before at 50 ˚C) 
until 3 ml final volume. The pH value was adjusted using 1 M hydrochloric acid 
(HCl), if necessary (Bommarius et al. 2008). The controls together with the reaction 
mixtures were placed in an incubator at 50 ˚C and continuously stirred using 
magnetic stirrers. No β-glucosidase supplement was used in this study              
(Kadam et al. 2004).  At the designated treatment times, the samples were removed 
and the enzyme reactions were terminated by quenching in ice bath, followed by 
centrifugation at 8000 × g for 2 min. The supernatant was immediately filtered, then 
refrigerated until subjected to analysis (Van Wyk 1997; Bommarius et al. 2008;         
Yang 2010). All chemicals used in this study were of reagent grade without 
purification. Enzymatic treatments were performed in duplicates. 
 
3.2.3 Analyses of cellulose residues  
 The DP of the residues was measured using the molecular weight distribution 
of celluloses as phenyl carbamate derivatives. The procedure was modified from 
prior published methods (Evans et al. 1989; Mormann et al. 2002). Cellulose (5 mg) 
and phenyl isocyanate (0.2 mL) were added to pyridine (2 mL), and its mixture was 
heated up to 80 ˚C under continuous stirring for 24 h to become a yellow transparent 
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solution. Methanol (0.5 mL) was then added to terminate the reaction, and the 
solvent was removed by evaporation in vacuum to give dark yellow syrup. 
 The syrups of the phenyl carbamate derivatives were dissolved in 
tetrahydrofuran (THF). The solutions were then filtered through 0.45 μm 
microcentrifuge membrane filters prior to analysis by gel permeation 
chromatography (GPC) Shimadzu LC-10A under the following chromatographic 
conditions: column, Shodex LF-804; column temperature, 40 ˚C; eluent, HPLC grade 
THF; flow-rate, 1.0 ml/min and detector, UV254nm. Polystyrene standards were used 
to calibrate retention time for its molecular weight. The DP of cellulose was then 
calculated by dividing the molecular weights of the carbanilated cellulose by that of 
its repeating unit (=519) with the degree of substitution of 3.0. All reported values 
were based on the average of duplicate samples.  
 The evaluation of crystalline by using the X-ray diffraction (XRD) patterns 
was recorded by X-ray diffractometer Rigaku RINT 2200, as in section 2.2.2.  
 
3.2.4 Analysis of the supernatants 
 The total sugar productions i.e., the total hydrolyzed products, cellobiose and 
glucose, in supernatant for each hydrolysis time points were measured by high 
performance liquid chromatography (HPLC) system (Shimadzu, LC-10A). The 
chromatographic conditions were: column, Bio-Rad Aminex HPX-87P; detector, 
UV254nm; eluent, deionized water; flow-rate, 0.6 ml/min and oven temperature, 85 ˚C. 
The sample injection volume was 10 μl and the running time was 30 min. 
 
3.3 Results and Discussion 
3.3.1 Evaluation of cellulose residues 
 To evaluate and compare directly their hydrolysis behaviors, it is essential for 
the starting materials to have a common DP. As a result, the adjusted DP and the 
corresponding crystallinity of the celluloses are summarized in Table 3-1. The XRD 












 Each of these celluloses was then treated with cellulase at pH 5.0 and 50 ˚C 
with solid concentration set to 35 mg/ml and enzyme loading of 0.35 U/mg cellulose. 
As the substrate is pure cellulose, higher loading of enzyme is unnecessary. The time 
courses of residues obtained from the celluloses after enzymatic hydrolysis is 
presented in Fig. 3-1. During the 17 days hydrolysis treatment, the residues obtained 
from the celluloses were decreasing, with its higher rate during the first week 
treatments. 
  
       Fig. 3-1 The residues obtained from the celluloses after enzymatic hydrolysis   




































Cell DP  Crystallinity (%) 
Group I 
I 174 91.8 
IIII 174 86.0 
IVI 168 89.6 
Group II 
II 172 85.3 
IIIII 170 87.2 
IVII 169 85.0 
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 In group I, cell IIII hydrolyzed the most, and it has lesser residue than that of 
cell I and cell IVI, which behave quite similarly. On the other hand, all celluloses in 
group II reach more or less similar yields and are seemingly equivalent to that of cell 
IIII.  Generally, group II celluloses are easier to hydrolyze than those of group I, 
except for cell IIII. 
 Figure 3-2 shows the XRD patterns of group I celluloses after enzymatic 
hydrolysis. In Fig. 3-2 (left), the XRD patterns of the residues from cell I are 
observed to remain almost unchanged even after 17 days hydrolysis treatment. 
However, the intensity at 2θ ≈ 22.5 ˚, is decreasing as enzymatic hydrolysis is 
prolonged and the peaks at 2θ ≈ 14.4 ˚ and 16.3 ˚ are not sharp as observed in the 
control. This is seen in the progressive decrease in crystallinity in Fig. 3-5 (below) 
and may be due to the enzymatic attacks onto the structure of the cell I (Lee et al. 
1983; Cao and Tan 2005).  
 
Fig. 3-2 The XRD patterns of group I celluloses; cell I (left), cell IIII (middle), cell 
IVI (right), after enzymatic hydrolysis 
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 In Fig.3-2 (middle), the XRD patterns of residues from cell IIII demonstrate 
that the cell IIII is slowly converted back to cell I. Yet, the full XRD pattern of cell I 
is not obtained. During the treatment, the residues from cell IIII are observed to be 
gradually modified to a mixture of cell I and cell IIII. As for the XRD pattern of the 
residues from cell IVI, in Fig. 3-2 (right), no significant changes are observed, apart 
from, the peak 2θ ≈ 15.1 ˚. The peak was becoming broader and slowly imitated the 
characteristic peaks of cell I. In both cases cell IIII and cell IVI, some enzymatic 
attacks could also have taken place.    
 Figure 3-3 shows the XRD patterns of group II celluloses after enzymatic 
hydrolysis.  Though there is no significant change observed from the XRD patterns 
of cell II, in Fig 3-3 (left), the intensity at 2θ ≈ 19.7 ˚ and 22.0 ˚ decreases as 
enzymatic treatment time is prolonged. The XRD patterns of residues from cell IIIII, 
in Fig. 3-3 (middle) and cell IVII, in Fig. 3-3 (right), were slowly converted into their 
parent, cell II.    
 
Fig. 3-3 The XRD patterns for group II celluloses; cell II (left), cell IIIII (middle), cell 
IVII (right), after enzymatic hydrolysis 
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 For cell IIIII, in Fig. 3-3 (middle), two peaks at 2θ ≈ 20.1 ˚ and 21.6 ˚ emerge 
during the time of hydrolysis, comparable to the control, cell II. In contrast with Fig. 
3-3 (right), the peak at 2θ ≈ 15.1 ˚ for cell IVII disappears after 1 a few days‘ 
treatment, replicating the control cell II. Thus, from cell IIIII, in Fig. 3-4 (middle) and 
cell IVII, in Fig. 3-3 (right), mixtures comprising cell IIIII and cell II, also cell IVII 
and cell II, are present during the treatments. These behaviors of cellulose residues 
from cell IIII in Fig. 3-2 (middle); cell IVI in Fig. 3-2 (right); cell IIIII in Fig. 3-3 
(middle) and cell IVII in Fig. 3-3 (right) are also examined under wet conditions by 
X-ray diffractometry with similar results. 
 Figure 3-4 shows the comparison between XRD patterns of residues from    
cell IIII treated with and without enzyme. In these data, the changes from cell IIII into 
cell I occur with or without cellulase. However, the peaks at 2θ ≈ 14.4 ˚ and 16.3 ˚ 
appear at a much slower rate with enzyme. Somehow, the enzymatic attacks must 
interfere with the conversion process.                             
 
Fig. 3-4 The comparison between XRD patterns of residues from cell IIII when 
















































 According to the literatures, the immersion of cell IIII in a polar solvent could 
obtain cell IIII or cell I (Loeb and Segal 1955; Wada et al. 2008). Similar conversion 
of the crystalline form to its parent cellulose is also detectable with cell IVI, cell IIIII 
and cell IVII, but is insignificant for cell IVI, when it is treated without enzyme.    
 Figure 3-5 shows the relationship between DP and crystallinity of the 
celluloses after enzymatic hydrolysis. The crystallinity is observed to drop slowly 
after 1 day of treatment and then soon starts to decrease faster. The enzyme could 
probably attack first the paracrystalline regions of the celluloses, hence the 
crystallinity dropped slower at first, and then later would attack the crystalline parts. 
As for the DP, it is observed to decrease with treatment time. With celluloses in the 
modified forms (cell IIII, cell IVI, cell IIIII, cell IVII), enzymatic hydrolysis reaction is 
shown to be more effective, compared with the cellulose in the cell I form. This 
agrees with the previous work by Igarashi et al. (2007). Figure 3-5 shows more 
changes occurred with group II than group I celluloses, and the changes during 
hydrolysis reaction were closely related to the initial state of cellulose structure. 
 
 






















































































3.3.2 Evaluation of the supernatants 
 The analysis of supernatant shows that enzymatic hydrolysis produces 
hydrolyzed products (total sugar) such as cellobiose and glucose. On average, more 
than 75 wt% of the total sugar consists of glucose. The results on total sugar obtained 
for the celluloses after enzymatic hydrolysis are shown in Fig. 3-6. Overall, cell IIII 
and group II celluloses produced similar total sugar yields, higher than those of cell I 
and cell IVI. This confirms earlier findings that hydrolysis yield rates produced of 
cellulose IIII were much higher than for cellulose I (Igarashi et al. 2007), but for a 
more complete range of polymorphs and controlled DP.   
 Moreover, in this work, it is found that comparable yields of total sugar are 
obtainable from enzymatic hydrolysis of cell II and cell IIII, disagreeing with the 
previous work in which similar DPs were not considered for the starting materials 
(Mittal et al. 2011). The comparable behavior of cell I and cell IVI could be because 
of the structures of cell IVI and cell I are analogous (Wada et al. 2004b).  
 
 
Fig. 3-6 The yield of total sugars from the celluloses after enzymatic hydrolysis  
  Matsuoka et al. (2011) previously showed thermal glycosylation converts the 
reducing ends into more stable glycosides with alcohol, which what would probably 
happened during the preparation of cell IVI. The reducing ends in the paracrystalline 
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regions were suggested to be more reactive than those in the crystalline regions. In 
Fig. 3-6, some sugars can be obtained as result of enzymatic hydrolysis of cell IVI (as 
the starting material). This could possibly be due to the enzymatic attack that 
facilitated the cell IVI to convert into cell I (Fig. 3-2) and thus uncapped its reducing 
ends, as well as, the attacking of enzyme at the reducing ends of the paracrystalline 
regions. 
 The behaviors of the celluloses are seen to be dependable on the initial 
hydrolysis reactions. Given that the interconversion processes for some celluloses are 
most probably independent of the enzyme reaction, thus, the trends of total sugar 
productions are most likely due to intrinsic properties of the starting materials.  
 
3.4 Concluding Remarks 
In order to enhance enzymatic hydrolysis sugar production, various forms of 
crystalline celluloses were used as the starting materials. The modification of 
cellulose crystalline structures somehow assists the enzyme to perform better during 
hydrolysis reaction, although interconversion processes of the celluloses have 
occurred. In addition, considering constant DP for starting materials was necessary to 
improve the evaluation of enzymatic treatment of the various cellulose forms. From 
the results above, it is concluded that enzymatic hydrolysis treatment is better for cell 
IIII and group II celluloses, compared to native cellulose. Thus a recommendation 
















In Chapter 2, the decomposition behaviors of various crystalline celluloses as 
treated by semi-flow hot-compressed water (HCW) at 230-270 ˚C/10 MPa/2-15 min 
were conducted and the analysis on the residues were carefully discussed based on 
the physical characteristics such as degree of polymerization (DP) and crystalinity. 
The overall results of residues showed that group I celluloses have higher resistance 
to decompose than group II celluloses.  
In addition to the above work (Abdullah et al. 2013), many other studies have 
been done on the analysis of cellulose hydrolysis by using HCW treatments (Mok 
and Antal 1992; Adschiri et al 1993; Sasaki et al. 1998; Saka and Ueno 1999; Ehara 
and Saka 2002; Sakaki et al. 2002; Liu and Wyman 2003; Schacht et al. 2008; 
Kumar and Gupta 2008; Lu et al. 2009; Phaiboonsilpa et al. 2010, 2011), however, 
the comprehensive investigation has been rarely conducted on various crystalline 
celluloses as the feedstocks. As a further approach, the primary objective is of this 
work is to study quantitatively the decomposition from the celluloses by 
hydrothermal treatment i.e., semi-flow HCW through the yields of the water-soluble 
(WS) portions. It is anticipated that this line of informative evaluations would help to 
understand the impact of semi-flow HCW treatment on these celluloses and judge the 
feasibility of such processing on downstream bioethanol process.  
 
 
4.2 Materials and Methods  
4.2.1 Various crystalline celluloses preparation 
The preparation of the celluloses and the adjustment the DP followed the 
procedure as already described in Chapter 2.  
 





4.2.2 Degree of polymerization and crystallinity of the celluloses 
The DP of the celluloses was analyzed and calculated based on previous 
studies (Sihtola et al. 1963; TAPPI 1982).  For the crystallinity determination, 
Gaussian functions were used to deconvolute the X-ray diffraction (XRD) patterns of 
the celluloses (Park et al. 2010). These XRD patterns were recorded by X-ray 
diffractometer Rigaku RINT 2200 (as in Chapter 2).  
 
4.2.3 Treatment of the celluloses by semi-flow hot-compressed water 
The prepared celluloses as starting materials were then treated individually in 
a semi-flow HCW system. The details of the treatments have been described 
previously in section 2.2.4 of Chapter 2. The treatments yielded residues of 
celluloses and WS portions, at which the residues analyses have been discussed 
expansively.  
 
4.2.4 Analytical methods 
The WS portions collected were analyzed and characterized by using high-
performance anion exchange chromatography (HPAEC), high-performance liquid 
chromatography (HPLC) and capillary electrophoresis (CE). The HPAEC system 
(Dionex ICS-1000 system) equipped with the CarboPac PA-1 column (4 mm x          
250 mm) and electrochemical detector for pulsed amperometric detection was 
employed and operated at 35 ˚C and flow-rate of 1.0 ml/min under the helium 
atmosphere for monosaccharides and cello-oligosaccharides in the WS portions. The 
mobile phase was a gradient-programmed mixture of deionized water, 0.2 M NaOH 
and 2.0 M CH3COONa, as eluents. All eluents contained in 3 separate reservoirs 
were degassed by an aspirator and subsequently purged with helium to prevent the 
absorption of CO2.  
The HPLC system (Shimadzu, LC-10A) equipped with a Shodex Sugar     
KS-801/Ultron PS-80P columns and refractive index/UV-Vis detector was applied. 
The eluent used was deionized water at a flow-rate of 1.0 ml/min and oven 
temperature was set to be 80 ˚C for the columns. The CE (Agilent; Germany) was 
used to assay the low molecular weight organic acids. A fused-silica capillary 
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(Agilent; 75 μm diameter, 104 cm total length, 95.5 cm effective length) was used at 
15 ˚C.   
Concentrations of the products in the WS portions were calculated based on 
the peak areas on chromatograms obtained from HPAEC, HPLC and CE. A set of 
standards with known concentrations, containing the compounds that were to be 
identified both quantitatively and qualitatively, was prepared and analyzed together 
with the samples by using the relevant analytical equipment as mentioned above (Lu 
et al. 2009; Phaiboonsilpa et al. 2010; Yu and Wu 2010).  
 
4.3 Results and Discussion 
Having similar DPs for the celluloses as starting materials is essential so that 
a direct comparison between the celluloses can be made. The crystallinity and DP for 
the celluloses are similar to that listed in Table 2-1 (as in Chapter 2). Treatments by 
semi-flow HCW were then carried out for these celluloses at                                 
230-270 ˚C/10 MPa/15 min. 
 
4.3.1 Decomposition kinetics of various crystalline celluloses 
The semi-flow HCW treatment decomposed the celluloses either partially or 
completely to the WS portions. The yield on WS portions from the celluloses as 
shown in Fig. 4-1, is a function of treatment temperatures. During the treatment, the 
yield on WS portions increased as the treatment temperature increased. They were 
measurable even at lower temperature, 230 ˚C/10 MPa, with approximately                   
10-30 wt% and increased to more than 70 wt% at higher temperature, 270 ˚C/10 
MPa. At 270 ˚C/10 MPa/15 min, cell II was shown to be totally decomposed to WS 
portions as compared with other celluloses. The overall results from Fig.4-1 
illustrated that higher yields were obtainable for group II celluloses than group I.   
 Figure 4-2 shows the Arrhenius plot of the present results according to the 
pseudo-first-order reaction kinetics. The relationship between natural logarithms of 
reaction constants, ln k, and T
-1
 shows good linear fits with the results indicating that 
the decomposition follows the pseudo-first-order reaction kinetics. Cellulose 
hydrolysis is classically defined by a  pseudo-homogeneous  kinetics  model,  a  term 
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that in reality reflects that the hydrolysis process is heterogeneous (Olanrewaju 
2012). Every parameter used such as time, pressure and DP on the celluloses were 
kept constant, satisfying the assumption that the Arrhenius-plot is temperature 
dependent. Though, the data points obtained in this study are only based on three 
different temperatures profile, the degree of decomposition could be determined 
reliably and the comparison of kinetics on the celluloses can be done directly. 
  
Fig. 4-1 The yield on WS portions obtained from the celluloses as treated by semi-
flow HCW at 230-270 ˚C/10 MPa/15 min  
 The apparent activation energies, Ea, for the celluloses can be calculated from 
Fig. 4-2. Activation energy of any reaction mainly explains its degree of 
temperature-sensitiveness; reactions with higher Ea are high in temperature-
sensitiveness, while the reactions with lower Ea are low temperature-sensitive (Xin   
et al. 2009). It can also be said that Ea is defined as the minimum energy required for 
decomposition to occur. The smaller Ea for decomposition of cellulose signifies the 
requirement of less energy for its decomposition and vice versa. In the figure, it was 
shown that different slopes obtained for each of the celluloses suggested different Ea 
for cellulose decomposition in the studied temperature range. 














































Fig. 4-2 The Arrhenius plot for the celluloses using pseudo-first order reaction 
kinetics as treated by semi-flow HCW at 230-270 ˚C/10 MPa/15 min 
 Table 4-1 shows the obtained Ea for all celluloses within the treatment 
temperatures. The Ea for group I and group II celluloses are, respectively, greater 
than 130 and 100 kJ/mol. It is apparent that the celluloses in group I have higher Ea 
than those in group II, which implies an easier decomposition process for group II 
celluloses by semi-flow HCW treatment. However, due to the aforementioned 
limitations such as limited numbers of experiments carried out in a relatively narrow 
temperature range, the obtained Ea must be judged critically. The acquired Ea was 
based on the best fit curves. As a result, a higher Ea was obtained for cell IVI as 
compared with cell I and cell IIII. Since comparison of Ea was done between group I 
and group II, the above observation of group I having higher Ea than group II is 
valid.  
These Ea are lower than previously reported, 164 kJ/mol (Schacht et al. 2008) 
and 145 kJ/mol (Sasaki et al. 2004) without catalysts, whereas, 144 kJ/mol and     
100 kJ/mol (Mok et al. 1992) in dilute sulfuric acid catalyst. The differences in Ea 
could be due to various definitions of decomposition processes and of cellulose 
hydrolysis only at elevated temperatures (above 290 ˚C/25 MPa), treatment 



























conditions used. For instance, Sasaki et al. (2004) studied just the kinetics whereby 
in this work the kinetics of various cellulose decomposition were measured at      
230-270 ˚C/10 MPa. 
 
Table 4-1 The activation energies of the celluloses as treated by semi-flow HCW at 
230-270 ˚C/10 MPa/15 min 
 
Cellulose Activation energy, Ea  (kJ/mol)  
Group I 
     Cell I 137 
     Cell IIII 149 
     Cell IVI 172 
Group II 
     Cell II 102 
     Cell IIIII 112 
     Cell IVII 108 
 
The observed decomposition of cellulose in subcritical water appears to be as 
good as that occurring in dilute sulphuric acid hydrolysis (Mok et al. 1992). 
Cellulose firstly undergoes a rapid weight loss and followed by a slow hydrolysis 
step of the remaining cellulose. The high reactivity is associated with accessible 
paracrystalline regions in cellulose that are more vulnerable to chemical attacks than 
the crystalline regions (Sasaki et al. 2000).  
The reaction temperature has influence on the solvent properties of water 
(Kruse and Dinjus 2007; Marshall and Franck 1981). It has been suggested that the 
shift in solvent properties affects the kinetics of cellulose decomposition (Sasaki et 
al. 2002; Deguchi et al. 2008). However, in this present work, the constant Ea implies 
that the reaction mechanism of the hydrothermal decomposition is not distinctly 
affected. The lower Ea obtained indirectly showed that the decomposition of the 
celluloses in this system is a catalytic process, in agreement with the literature     
(Mok et al. 1992). 
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4.3.2 Quantification of the water-soluble portions 
 Figure 4-3 below shows the reaction scheme of cellulose I decomposition into 
hydrolyzed and degraded products as treated by semi-flow HCW treatment, adapted 
from (Abdullah et al. 2013). In the present work, the WS portions for the celluloses 
obtained from each treatment were found to follow a similar decomposition pathway 
as in Fig. 4-3. It is important to know the decomposition pathway of cellulose as the 
degraded products inhibit the fermentation process for ethanol production (Palmqvist 
and Hann-Hägerdal 2000). 
 
 Fig. 4-3 Decomposition pathway of crystalline cellulose as treated by semi-flow 
HCW (Phaiboonsilpa et al. 2010)  
   
  Under the HCW conditions, the ionization constant of water increases with 
temperature and the amount of dissociation also increases, compared with normal 
temperature and pressure. The glucosidic linkages of cellulose are cleaved and 
cellulose starts to hydrolyze into cello-oligosaccharides, and subsequently, 



























































































2003; Phaiboonsilpa et al. 2010). Isomerization of glucose occurred producing 
fructose and mannose. These monosaccharides are unstable at high temperature and 
thus some parts of them are further converted into their degraded products such as 
furfural, 5-hydroxymethyl furfural (5HMF), levoglucosan through dehydration, and 
erythrose, glycolaldehyde, methylglyoxal through fragmentation (Antal and Mok 
1990b). Prolonged treatment, however, allows further degradation to take place, 
generating other products such as organic acids.  
 The resulted WS portion percentages based on the dried weight of cellulose 
samples are summarized in Table 4-2. It was clearly indicated that the celluloses 
have been converted to the hydrolyzed and degraded products. The hydrolyzed 
products are comprised of cello-oligosaccharides, glucose, fructose and mannose, 
whereas the degraded products consist of dehydrated and fragmented products, as 
well as organic acids. Their productions were recorded higher in hydrolyzed products 
as compared with degraded products, and more yields were obtained as treatment 
temperatures increased.  
 These WS portions were calculated similarly as in the previous studies        
(Lu et al. 2009; Phaiboonsilpa et al. 2010). The cello-oligosaccharides were 
consisted of cellobiose, cellotriose, cellotetraose, cellopentaose, cellohexaose and 
other cello-oligosaccharides with the higher DP. The more existence of the cello-
oligosaccharides with the higher DP shows that the cellulose has more resistance 
against hydrolysis by semi-flow HCW treatment. In addition to cello-
oligosaccharides and glucose, a smaller amount of fructose was also detected and 
only traces of mannose were identified. A much lower yield of the WS portions 
obtained at 230 ˚C/10 MPa/15 min was due to the difficulty of the crystalline 
structures of celluloses to be hydrolyzed at such lower temperature (Phaiboonsilpa et 
al. 2011). The cello-oligosaccharides observed could be obtained from the 
paracrystalline cellulose. The observed fructose is not a sugar component in cotton 
linter, but it maybe isomerized from glucose after hydrolysis from cellulose 


























Cell I             
  230˚C 3.4 1.2 0.1 0.0  0.2 0.1 0.0 4.9 9.9  90.1 
  250˚C 12.3 6.2 0.6 0.0  1.6 0.9 0.2 2.9 24.7  75.3 
  270˚C 31.8 17.8 2.4 0.0  7.1 2.3 1.1 6.2 68.7  31.3 
             
Cell IIII             
  230˚C 5.0 2.2 0.1 0.0  0.3 0.1 0.4 4.7 12.8  87.2 
  250˚C 12.0 6.1 0.5 0.0  1.2 0.4 0.5 10.3 31.0  69.0 
  270˚C 31.3 17.9 3.5 0.0  7.1 2.7 0.8 21.9 85.2  14.8 
             
Cell IVI             
  230˚C 8.1 3.1 0.2 0.0  0.4 0.1 0.2 1.3 13.4  86.6 
  250˚C 13.5 6.5 0.6 0.0  1.5 0.9 0.3 9.8 33.1  66.9 
  270˚C 43.4 19.6 4.0 0.0  7.5 3.0 0.6 17.4 95.5  4.5 
Group II 
Cell II             
  230˚C 6.4 2.2 0.1 0.0  0.9 0.0 0.5 10.5 20.6  79.4 
  250˚C 19.4 12.1 0.7 0.0  2.5 1.2 0.5 7.9 44.3  55.7 
  270˚C 34.7 26.0 6.6 0.0  11.4 6.4 1.0 13.9 100.0  0.0 
             
Cell IIIII             
  230˚C 15.6 3.9 0.1 0.0  0.5 0.1 0.1 10.6 30.9  69.1 
  250˚C 31.0 10.7 4.8 0.0  3.8 0.8 0.3 6.6 58.0  42.0 
  270˚C 46.4 17.6 7.0 0.0  6.8 1.6 0.5 13.9 93.8  6.2 
             
Cell IVII             
  230˚C 6.1 3.5 0.1 0.0  0.4 0.6 0.1 18.3 29.1  70.9 
  250˚C 30.2 9.3 0.6 0.0  2.1 2.0 0.4 12.4 57.0  43.0 
  270˚C 49.4 15.0 2.6 0.0  5.8 6.0 0.8 10.5 90.1  9.9 
Table 4-2 The summarized yields of WS portions and water-insoluble residues from the celluloses as treated by semi-flow HCW 
                      at 230-270 ˚C/10 MPa/15 min 
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The Table 4-2 can clearly showed that the decomposition products obtained 
from cell IVI has lower residue yields and higher WS portions than that of cell I, 
supporting the evidence on Chapter 2. The prepared cell IVI as the starting materials 
aided the decomposition process in HCW treatment.  
 To evaluate the decomposition behavior of the celluloses in details, the 
results from 270 ˚C/10 MPa/15 min would be more appropriate, as this was 
suggested as the optimum condition for cellulose decomposition (Phaiboonsilpa et al. 
2010; Phaiboonsilpa et al. 2011). Table 4-3 shows the comparison between 
hydrolyzed and degraded products for the two groups of cellulose samples at          
270 ˚C/10 MPa/15 min. 
 
Table 4-3 The total hydrolyzed and degraded products of WS portions from the 
celluloses as treated by semi-flow HCW at 270 ˚C/10 MPa/15 min 
 
Cellulose Hydrolyzed product (wt%) Degraded product (wt%) 
Group I 
    Cell I 52.0 10.5 
    Cell IIII 52.7 10.6 
    Cell IVI 67.0 11.1 
Group II 
    Cell II 67.3 18.8 
    Cell IIIII 71.0 8.9 
    Cell IVII 67.0 12.6 
  
 It can be seen that for both group I and group II celluloses, more than 50 wt% 
of hydrolyzed products were obtained as compared with degraded products. It was 
reported that about 31.2, 28.1 and 20.5 wt% of hydrolyzed products obtained from 
the cellulose of Japanese cedar, Japanese beech and Nipa frond, respectively 
(Phaiboonsilpa and Saka 2012). However, there were no results for DP of the 
cellulose from this study that it can be compared with. The higher yield in WS 
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portions observed in this present work could probably due to the shorter DP 
celluloses used for the starting materials.   
 According to Fig. 4-3, the hydrolyzed products were produced at the early 
stage of cellulose decomposition pathway. This could signify that these celluloses 
have resistance against decomposition.  The total hydrolyzed products for cell I and 
cell IIII is similar but much lesser than cell IVI, whereas the highest hydrolyzed 
products obtained in group II is from cell IIIII, followed by cell IVII and cell II. 
Overall, celluloses in group II have resulted more hydrolyzed products than those in 
group I. The observation is similar for the degraded products.  
 Figures 4-4 and 4-5, respectively, illustrated how the hydrolyzed and 
degraded products were obtained at every 5 min intervals at 270 ˚C/10 MPa/15 min.  
In Fig. 4-4, only the yields of cello-oligosaccharides, glucose and fructose were 
shown. These yields are comparable with the results in the literatures (Lu et al. 2009; 
Phaiboonsilpa et al. 2010; 2011). Based on these results, the cellulose has been 
cleaved into cello-oligosaccharides at the early stage of the treatment time and the 
production of glucose and fructose was seen to occur simultaneously. Celluloses in 
both group I and group II have similar behaviors; however, more products were seen 
from group II celluloses. The cello-oligosaccharides and glucose were recovered 
from the treatment time of 35 min. The crystalline structure of cellulose remained 
unchanged at temperatures around 230 ˚C (Phaiboonsilpa et al. 2009), thus, the WS 
portions emerged from the time-up (0-20 min treatment time) could be from 
paracrystalline cellulose, and the time at (20-35 min treatment time) was from 
cellulose.  
 Generally, these monosaccharides are further degraded by dehydration or 
fragmentation process (Kruse and Dinjus 2007; Lu et al. 2009; Kumar et al. 2010; 
Xiao et al. 2011). Figure 4-5 illustrated more dehydrated products were obtained than 
fragmented products and organic acids. During the treatments, it can be seen that the 
degraded products were generated at almost similar time as the hydrolyzed products 
(Fig. 4-4). Moreover, the productions of dehydrated and fragmented products as well 









Fig. 4-4 The hydrolyzed products of cello-oligosaccharides, glucose and fructose in 
the WS portions from the celluloses as treated by semi-flow HCW at                      












































































































Fig. 4-5 The degraded products of dehydrated, fragmented and organic acids 
products in the WS portions from the celluloses as treated by semi-flow HCW at    






























































































 Both group I and group II celluloses in      Fig. 4-5 have the same trends as in 
Fig. 4-4, i.e., more products resulted from group II celluloses. The generation of 
hydrolyzed products started to be noticeable from around 3 min (Fig. 4-4) and 
followed by degraded products (Fig. 4-5) about 10 min later. This sequence is 
parallel with that shown in Fig. 4-3 at which the hydrolyzed products were produced 
earlier in the decomposition pathway, and later on followed by the  by the production 




Fig. 4-6 The degraded products in WS portions from the celluloses as treated by 
semi-flow HCW at 270 ˚C/10 MPa/15 min 
 


































































































































































Figure 4-6 shows the yield in wt% for the individual degraded products in the 
WS portions for both group I and group II celluloses as treated by semi-flow HCW at                  
270 ˚C/10 MPa/15 min. The dehydrated products detected were consisted of 
levoglucosan, furfural and 5HMF, whereas fragmented products such as erythrose, 
glycolaldehyde and methylglyoxal. While for organic acids; lactic, acetic, glycolic 
and formic acids were identified. The furfural in Fig. 3-6 can not only be produced 
from pentose but also from hexose such as glucose. This means that the formation of 
furfural is possible without pentose via five-carbon ketoses pathway as proposed in 
the literature (Kallury et al. 1986). 
Glycolaldehyde and erythrose were formed via retro-aldol condensation in 
glycolaldehyde/erythrose pathway (Kabyemela et al. 1999; Sasaki et al. 2002), while 
methylglyoxal was produced via glyceraldehyde/dihdroxyacetone pathway in hexose 
fragmentation. Nevertheless, the production of methylglyoxal in this case was too 
minute that it was excluded from Fig. 4-6. The production of furfural and 5HMF was 
significant as compared with other degraded products. The organic acids produced 
are the results of further degradation of dehydrated and fragmented products 
(Kabyemela   et al. 1999; Yoshida et al. 2005). Formic acid production was only a 
trace to be included in Fig. 4-6. All the sequences of degradation reactions and 
productions are agreeable with Fig. 4-3.   
 Based on those results above, it can be seen that group II celluloses 
dominated both the hydrolyzed and degraded products as compared with group I 
celluloses. The result on the WS portions at 270 ˚C/10 MPa/15 min revealed that the 
degree of difficulty for decomposition is greater for celluloses in group I than those 
in group II. 
 
4.4 Concluding Remarks 
 This study shows the essential effects of various crystalline celluloses 
on their hydrothermal decomposition and its kinetic behaviors as treated by semi-
flow HCW. Both decomposition rate and Ea are helpful in defining the degree of 
difficulty for decomposition of the celluloses, however, the Ea obtained were merely 
based on empirical relationships of Arrhenius equation. Consequently, the direct 
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method is more preferable than the latter. Nevertheless, this study showed the new 
kinetic data as there was no previous data on these specific reaction systems.  
These treatments can be used as viable decomposition media for celluloses at 
which under the given treatment conditions, cellulose is more readily hydrolyzed 
with less degraded products. Group I celluloses (cell I, cell IIII, cell IVI) have shown 
to have more resistance to decompose than group II celluloses (cell II, cell IIIII, cell 
IVII). Based on this evidence, it was clear that the decomposition behaviors are due 
to the different crystalline forms of celluloses. These presented data are useful for 
understanding how the celluloses are hydrothermally decomposed, providing useful 



























 In previous chapters, the decomposition behaviors of various crystalline 
celluloses by semi-flow hot-compressed water (HCW) and enzymatic treatment were 
carefully discussed. Both treatment conditions resulted in similar decomposition 
behaviors. The treatment with enzyme at 50 ˚C/0.1MPa for ~14 days showed better 
hydrolysis for celluloses in group II and cell IIII, and simultaneously, interconversion 
of celluloses occurred. Meanwhile, the treatment with semi-flow HCW at                        
230-270 ˚C/10 MPa/15 min illustrated that celluloses in group II hydrolyzed better, 
despite the occurrence of cellulose interconversion. 
Amongst the prepared celluloses, cellulose (cell III) has shown a peculiar behavior. 
Since cell III is the basis for composite cellulose, it is considered as an important cellulose 
allomorph. As mentioned previously in section 1.3.3.3 of Chapter 1, cell III can be further 
classified into two polymorphs, cell IIII and cell IIIII. Their unit cells are found to be very 
similar, with some differences in intensities of the meridional reflections only (Sarko et al. 
1976; Wada et al. 2004b). Even so, one cannot use the crystal model of cell IIII for cell IIIII 
and vice versa. The model for crystalline structure of cell IIII (details in Chapter 6) could be 
constructed from the work of Wada et al. (2004b), while, for cell IIIII, its structure has yet to 
be solved (Zugenmaier 2008). Thus, cell IIIII are not very commonly discussed in literatures 
and most findings or studies usually are focussing on cell IIII.  
 Despite of the reasons mentioned above, investigation on the conversion 
behavior of cell III under different temperature and pressure conditions in 
hydrothermal treatment would be interesting. Hence, this chapter describes a concise 
report to clarify the behavior of cell III qualitatively, in various treatment conditions 









5.2 Materials and Methods  
5.2.1 Preparation of cellulose III 
 Both cell I and cell II were, respectively, converted into cell IIII and cell IIIII 
by ethylenediamine (EDA) treatment as described previously. After drying process, 
the prepared cellulose samples were stored in desiccators over silicon pellets until 
further usage. 
 
5.2.2 Semi-flow hot-compressed water treatment and cellulose residues analyses 
 The semi-flow HCW system and its operational procedures as carried out in 
earlier chapters were used in this study. Here, the cellulose samples were treated at 
temperatures between 100 to 270 ˚C under 4, 6 and 10 MPa for 5-15 min. The 
insoluble residues left in the reaction cell after treatment were collected, oven-dried 
and analyzed independently.  
 X-ray diffraction (XRD) diagrams of the untreated samples and residues after 
the treatment were recorded using an imaging plate (IP) of 80 x 100 mm, mounted on 
the X-ray box of Rigaku RINT 2200V. Ni-filtered Cu-Kα radiation (λ=0.15418nm) 
generated at 40 kV and 30 mA was used. The samples were irradiated using an 
incident X-ray beam that was collimated in the box. The IP was then converted to   
XRD diagrams via high sensitivity IP reader RAXIA-Di. In addition, the XRD 
pattern was also obtained using X-ray diffractometry and its crystallinity was 
measured accordingly. 
 
5.3 Results and Discussion 
5.3.1 The X-ray diffraction diagrams of celluloses IIII and IIIII   
 Figure 5-1 showed the XRD diagrams of cell IIII before (left) and after (right) 
the HCW treatment at 270 ˚C/10 MPa/15 min. The diagram of cell IIII (left) has a 
strong reflections indexed 010 and 11
_
0 located at the equator at d= 0.76 and 0.43 nm 
(Wada et al. 2001), respectively. Figure 5-1 (right) illustrated the XRD diagram of 
the converted cell IIII to cell I at 270 ˚C/10 MPa/15 min. The reflections indexed      
11
_




Fig. 5-1 The XRD diagrams of cell IIII before (left) and after (right) the HCW 
treatment at 270 ˚C/10 MPa/15 min  
 
 All reflection indices in the diagram of Fig. 5-1 (right) closely resembles that 
of the Iβ monoclinic unit cell (Woodcock et al. 1980; Sugiyama et al. 1991b), which 
indicated that cell IIII fully converted into cell I (Iβ phase) by the HCW treatment at                                     
270 ˚C/10 MPa/15 min. The XRD diagrams to demonstrate the fully converted      
cell IIII to cell I at lower temperatures and pressures for 15 min, were not shown here, 
which however found to be similar. By using the same treatment time, cell IIII was 
shown to convert into cell I at 180 and 230 ˚C under the pressures of 4 and 6 MPa, 
respectively.   
 
Fig. 5-2 The XRD diagrams of cell IIIII before (left) and after (right) the HCW 
treatment at 230 ˚C/10 MPa/15 min  
 
 As for cell IIIII, in general, the full conversion to cell II occurred at lower 










diagrams of cell IIIII before (left) and after (right) the HCW treatment at                
230 ˚C/10 MPa/15 min. In Fig. 5-2 (left), the reflection of cell IIIII indexed 010 and  
11
_
0 located at the equator at d= 0.74 and 0.44 nm, respectively. As shown in Fig. 5-2 
(right) after the HCW treatment, the reflections were then changed to 110 and 020, 
which occurring on the equator at d=0.46 and 0.41 nm, respectively. These 
reflections are the characteristic of cell II, which took place at 230 ˚C/10 MPa/15 min. 
  The XRD diagrams for the conversion of cell IIIII to cell II at other treatment 
conditions (at 4, 6 MPa/15 min) were found to be similar.  For 5 min treatment time 
at 190 ˚C/4 MPa and 200 ˚C/6 MPa, the conversions of cell IIIII to cell II were 
already seen to occur.   
 
 
5.3.2 The X-ray diffraction patterns of celluloses IIII and cell IIIII   
 In Fig. 5-3, the XRD patterns were plotted over various temperatures in order 
to observe the full conversion of cell IIII to cell I, at constant pressure. For 10 MPa at 
15 min treatment time, the full conversion occurred at 270 ˚C. Two equatorial 
reflections of cell IIII, labelled as 1 and 2 indexed at 010 and 11
_
0, respectively, were 
observed for the cell IIII (before treatment). As soon as cell IIII treated at lower 
temperature at 10 MPa/15 min, a peak 2 shifted noticeably to the smaller angles 
because of thermal expansion, in accordance with the peak 1 being smaller.  
 When the temperature is at 100 ˚C, the peak 1 slowly disappeared and peak 2 
became smaller at 150 ˚C and diminished. Whereas peaks 3, 4 and 5 that correspond 
to cell I appeared markedly. Consequently, at 200 ˚C, cell IIII was almost completely 
converted into cell Iβ phase, with a full transformation at 270 ˚C. The XRD peaks 
showed that the 11
_
0 lattice diffraction angles for treated crystalline cell IIII were 
shifted to around 22.5 ˚ from about 20.8 ˚. The XRD pattern obtained at 270 ˚C 
showed that cell I has a cell Iβ pattern. The XRD patterns under 4 and 6 MPa at 
various temperatures for 15 min (data not presented) followed a similar pattern as in   
Fig. 5-3. The same results were also obtained under wet condition.  
 Earlier in section 2.3.1 of Chapter 2, it was stated that the conversion of cell 










Fig. 5-3 The XRD patterns for cell IIII, converting to cell I (cell Iβ) as treated by HCW at 
various temperatures under 10MPa/15min. Peaks 1, 2 and peaks 3, 4, 5 are diffraction angles 



















































stage of the HCW treatment. The peaks indexed 11
_
0 for cell IIII disappeared even 
after 2 min treatment. However, at lower temperature and pressure treatment 
conditions, 180 ˚C/4 MPa and 230 ˚C/6 MPa at shorter treatment time, 5 min, the full 
XRD pattern for cell I was not obtained, as in Fig. 5-4. Here, it can be seen that 
peaks 3, 4 and 5 have not yet completely shifted to cell I index planes. 
 In the case of Fig. 5-5, the XRD patterns for cell IIIII are shown to convert to 
cell II when treated by HCW at various temperatures under 10 MPa at 15 min. For    
10 MPa/15 min, the full conversion to cell II occurred at 230 ˚C. The equatorial 
reflections of cell IIIII, labelled as 1 which indexed 11
_
0, totally disappeared and 
replaced by the characteristic peaks of cell II; peaks 2 and 3. The behavior is very 
similar for treatment at lower pressures (4 and 6 MPa) for 15 min treatment time, 
thus, the data are not presented.   
 
         
Fig. 5-4 The XRD patterns for the residues from cell IIII after treated by semi-flow HCW at 
180 ˚C/4 MPa and 230 ˚C/6 MPa at 5 min. Peaks 1, 2 and peaks 3, 4, 5 are diffraction angles 











































Fig. 5-5 The XRD patterns for cell IIIII, converting to cell II as treated by HCW at various 
temperatures under 10MPa/15min. Peak 1 and peaks 2, 3 are diffraction angles of cell IIIII 











































Fig. 5-6 The XRD patterns for the residues from cell IIIII after treated by semi-flow HCW at 
190 ˚C/4 MPa and 200 ˚C/6 MPa at 5 min Peak 1 and peaks 2, 3 are diffraction angles of cell 
IIIII and cell II, respectively 
 
 Figure 5-6 shows the XRD pattern for conversion of cell IIIII to cell II at     
190 ˚C/4 MPa and 200 ˚C/6 MPa for shorter treatment time, 5 min. It can be noticed 
that the peaks 2 and 3 are readily shown, however, not as sharp as in cell II. Cell IIIII 
converted to its parent cellulose much faster, as compared with the conversion of cell 
IIII to cell I, in such treatment conditions. 
 As for the overall crystallinity of residues, from cell IIII (i.e. cell I) and cell 
IIIII (i.e. cell II) after HCW treatments they have not change tremendously and 
remained almost constant. The results have no significant difference when they are 
treated under different pressure conditions.  
 
5.4 Concluding Remarks 
 This short experiment has shown how the polymorphs of cell III behave in 





























It can be seen that the conversion of cell III to its parent cellulose are dependent on 
pressure and temperature in HCW treatments. The semi-flow HCW treatment 
conditions at a range of temperatures between 100-270 ˚C under 4-10 MPa for         
5-15 min resulted a slower conversion of cell IIII and cell IIIII to their parent 
celluloses. The results are useful additional information to the earlier discussed 
studies. Nevertheless, further qualitative and quantitative investigation would be 
needed in the future for more in details to reason why such behaviors are occurring in 




























Molecular Dynamics Simulation on Decomposition Behaviors of the Celluloses 
 
6.1 Introduction 
 In Chapters 2 and 4, the decomposition behaviors of various crystalline 
celluloses by hydrothermal treatment i.e., semi-flow hot-compressed water (HCW) 
treatments at 230-270 ˚C/10 MPa/15 min have been discussed and shown that the 
degree of difficulty for decomposition was dependent on the crystalline structure of 
the starting celluloses (Abdullah et al. 2013; 2014). It was concluded that the cell I, 
cell IIII and cell IVI (i.e. group I) have more resistance to be decomposed than cell II, 
cell IIIII and cell IVII (i.e. group II). Furthermore, observable crystallographic 
changes have occurred for cell IIII, cell IVI and cell IIIII during the HCW treatment. 
 The results above, nevertheless, were not succeeded in explaining the 
mechanism that occurred during the HCW treatment. The knowledge on the 
interaction process between the water molecules and the celluloses in the HCW 
condition would give a better understanding on the decomposition process. Hence, it 
is necessary to study the reaction process that takes place during the treatments. The 
relationship between cellulose decomposition and various cellulose crystalline 
structures is made possible by using computer simulation techniques.   
There have been many studies done on molecular dynamics (MD) simulations 
for the investigation of crystalline cellulose structures (Bellesia et al. 2010). Some of 
them involved the behaviors of cellulose at high temperature conditions. Shen et al. 
(2009) performed replica exchange MD simulation at the temperature regions from 
~2 to 284˚C by using oligomer model of cellulose. It was demonstrated that the 
increment on the flexibility of the glucosidic torsion angles (φ=O5‘-C1‘-O4-C4; 
ψ=C1‘-O4-C4-C5), which fluctuated from the global minimum of (-75˚, -120˚) to the 
neighbor energy minima at (60 ˚, -120 ˚) and (-80 ˚, 70 ˚), followed according to the  
 
 




increment of the temperatures. Queyroy et al. (2004) studied the MD simulation of 
tetraose  and octaose  of cellulose and observed that most of the glucopyranose  rings  
assumed a puckered un-chaired conformation at ~527 ˚C. As the decomposition of 
cellulose was considered to relate to the ring conformation change, the evaluation of 
the conformational changes would be important (Hosoya et al. 2009). 
 It is common to use mini crystalline cellulose structure for MD simulation 
studies at high temperature regions. The MD simulation of cellulose chains at high 
temperature suggested the possibility of the folding of cellulose in its chain 
conformation (Tanaka and Fukui 2004). Subsequently, Bergenstråhle et al. (2007) 
reported the conformational behavior of cellulose Iβ (cell Iβ) under the high 
temperature condition using GROMOS 45a4 force field. They observed that most of 
the orientation of hydroxyl group changed from tg to gt conformation and the intra-
molecular hydrogen bond between O2-H and O6 disappeared at high temperature. 
Moreover, the unit cell dimension of the crystalline structure shrunk 0.5 % along to 
c-axis and elongated 7.4 and 6.0 % along to a- and b- axes, respectively. The value 
of γ angle at ~227 ˚C became 2.9 % smaller than that of room temperature.  
 Another MD simulation by Zhang et al. (2011) indicated the existence of the 
phase transition temperature of cell Iβ at ~200 to 227 ˚C. Matthew et al. (2011) used 
two different force fields of CHARMM35 and GLYCAM06 to perform a detail 
investigation on the temperature effect on cell Iβ. They observed the change of the 
side chain orientation from tg to gt in the ‗origin‘ chain and tg to gg in the ‗center‘ 
chain, respectively.   
 Crystalline cellulose Iα (cell Iα) converts to cell Iβ (Horii et al. 1987; 
Yamamoto et al. 1989; Debzi et al. 1991) and cell IIII to cell Iβ (Roche and Chanzy 
1981; Yatsu et al. 1986; Wada 2001) under high temperature region treatments. The 
MD simulation on the conversion cell Iα to cell Iβ was reported by Matthews et al. 
(2012) and the existence of the intermediate state between cell Iα and cell Iβ is 
suggested in their works. Whereas, the conversion from cell IIII to cell Iβ by using 
MD simulation were studied by Yui and Hayashi (2007; 2009), Yui (2012) and Uto 
et al. (2013). Although the above works discussed the transition behavior of the 
crystalline cellulose in details, the decomposition behavior at high temperature and  
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pressure have not been explored fully, except, the investigation on the behavior of 
cell Iβ structure in supercritical water (Ito et al. 2002). 
 This chapter is, therefore, examined the relationship between the crystalline 
structures of cellulose and cellulose decomposition in HCW by using MD simulation 
by using mini crystalline models of various celluloses. This methodology also 
provides the information about the interaction of hydrogen bonds of the models in 
HCW conditions, as well as hints in solving the decomposition mechanism. 
 
6.2 Computational Procedures 
 The MD simulations were carried out with the Gromacs 4.5.5 (Berendsen et 
al. 1995; Lindahl et al. 2001; Van Der Spoel et al. 2005; Hess et al. 2008), utilizing 
the CHARMM 35 force field for mini crystalline cellulose (Guvench et al. 2008; 
2009) and TIP3P for water models (Jorgensen et al. 1983; Durell et al. 1994). The 
initial cellulose models used in this study were constructed from the crystalline 
coordinates of cell Iβ (Nishiyama et al. 2002) – cotton linter mainly consisted of Iβ 
phase, cell II (Langan et al. 2001), cell IIII (Wada et al. 2004b), and cell IVI 
(Gardiner and Sarko 1985), respectively. The initial structures of these four 
crystalline celluloses are shown in Fig. 6-1. Each model of mini crystalline cellulose 
consists of 36 chains with degree of polymerization 10. The mini crystalline surfaces 
of the cell Iβ used in our model are (110) and (11
_
0), which are known as a lattice 
imaging of cotton microfibrils (Abdullah et al. 2013). 
 Other simulation models with cellulose polymorphs of cell II, cell IIII, and 
cell IVI are also constructed to have the same number and the same length of chains 
with the model of cell Iβ. The mini crystalline surfaces of the simulation models of 
cell II and cell IVI are (110) and (11
_
0), which is generally expected as the surface of 
these microcrystallites.  
 Yui and Hayashi (2007; 2009) and Yui (2012) discussed the structure of the 
simulation model to investigate the crystalline transformation from cell IIII to cell I. 
They reported that the a- and b- planes are very critical for the change of the 
hydrogen bonding system when the cell IIII model is simulated at high temperature 
80 
 
~97 ˚C. From their results, the mini crystalline with planar (100) and (010) surfaces 
was used in our simulation model of cell IIII.   
 Each crystalline model was placed in an equilibrated cubic box of water 
molecules with 8 nm length. All those water molecules that overlapped with the 
carbohydrate heavy atoms were deleted. The system first minimized on the water 
molecules, while the cellulose chains were fixed at their initial position during 500 ps 
with 1.0 fs time step in an NPT ensemble. A Leap-frog algorithm was applied to 
integrate the equations of motion in the MD simulations (Hockney 1970). Van der 
Waals interactions were smoothly truncated on an atom-by-atom basis using 
switching functions from 1.2 to 1.35 nm. Electrostatic interactions were treated using 
the particle-mesh Ewald method (Darden et al, 1993; Essmann et al. 1995) with a 
real space cut-off of 1.35 nm.  
 
 
Fig. 6-1 Projection of the initial mini crystalline structures: (a) cell Iβ, (b) cell II, (c) 






 The simulation was run at a constant temperature of 230 ˚C and a constant 
pressure of 10 MPa, maintained using a constant Nose-Hoover temperature (Nose 
1984; Hoover 1985) and Parrinello-Rahman pressure algorithm (Parrinello and 
Rahman 1981). The trajectories were run for 10 ns with a step size of 1 fs using full 
periodic boundary conditions. For comparison purposes, the systems were also run at 
27 ˚C and 0.1 MPa for 10 ns. Molecular graphics were generated with the Visual 
Molecular Dynamics (VMD1.9) program (Humphrey et al. 1996). 
 
6.3 Results and Discussion 
6.3.1 Dynamics behaviors of the celluloses 
    
Fig. 6-2 Snapshots of cellulose mini crystalline structure after 10 ns MD simulations 
at 230 ˚C/10 MPa: (a) cell Iβ, (b) cell II, (c) cell IIII and (d) cell IVI. Solvent water 
molecules are not shown in the figures for simplicity 
 
Figure 6-2 shows the snapshots of the final structures on mini crystalline 
celluloses at 230 ˚C/10 MPa after the 10 ns dynamics run. In each model, the 





the mini crystalline structures were observed. It can be seen that the behavior of the 
disordering were dependent on the types of the crystalline structures i.e., cell II and 
cell IIII degrade earlier than those of cell Iβ and cell IVI.  
To investigate the disordering behavior on these crystalline structures in more 
detail, time dependence of the interaction energies during the simulation were 
analyzed and the results are shown in Fig. 6-3. The interaction energies among the 
cellulose chains in the crystalline structures are shown in Fig. 6-3 (a), whereas, the 
interaction energies between cellulose chains and the surrounding water molecules 
are illustrated in Fig. 6-3 (b).  The interaction energies of cell Iβ among the cellulose 
chains decreased at the beginning stage of the simulation time. However, they keep 
almost at constant values most the simulation time. This behavior is very similar to 
cell IVI.   
 These behaviors are well explained from the snapshot conformation in Fig. 6-
2 (a) and (d), that some of the chains existed at the surface area of the mini 
crystalline structures decomposed into the water, but the core part of the mini 
crystalline structures keep their original arrangement in both cell Iβ and cell IVI.  It is 
also observed that no water molecules penetrate into the core part of both crystalline 
structures.   
 Although the chains at the surface area are affected by the high temperature 
and high pressure conditions, the core part of the crystalline structure remained, 
which are observed as the constant interaction energies in the simulation for both 
mini crystalline cell Iβ and cell IVI.  The similarity on the properties between cell Iβ 
and cell IVI has been discussed experimentally as a transition of the crystalline 
structure from cell IVI to cell Iβ.  We also reported that cell IVI is easily converted to 
cell I as treated by HCW experiment over 250 ˚C (Abdullah et al. 2013). Wada et al. 
(2004a) mentioned that the crystalline structure of cell IVI is essentially the same 
with cell Iβ but it contains lateral disorder in the structure. The results of our 












Fig. 6-3 Time courses of the interaction energy at 230 ˚C: (a) between cellulose 
chains, and (b) between cellulose and water molecules. Blue: cell Iβ, pink: cell II, 
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same under the HCW conditions which implies the occurrence of the transformation 
from cell IVI to cell I in an early stage of the simulation. 
 On the other hand, Fig. 6-3 (a) and (b), respectively, showed the interaction 
energy between cellulose chains for cell II increases proportionally with the 
simulation time, and, the interaction energy between the cellulose and water 
molecules decreases with the simulation time. This indicates that the disordering of 
mini crystalline cell II and decomposition of chains progress  proportionally  
according to the simulation time. In contrast, the interaction energies of cell IIII is 
observed to decrease until around  2 ns and then  becoming constant  until the end of  
the simulation time. This behavior is well explained by the snapshot obtained for cell 
IIII, Fig. 6-2(c), where two types of behaviors can be observed i.e., on the cellulose 
chains at the surface and also at the core regions.  
The core part of the cell IIII should be considered to be transformed to the 
crystalline structure of cell I (the details will be discussed in the following section). 
The transformation of the crystalline structure of cell IIII to cell I have been reported 
experimentally and theoretically by some researchers (Wada 2001; Yui and Hayashi 
2007; 2009; Yui 2012).  
In our experimental report, we observed that the X-ray peak at 2θ ≈ 11.7 o 
from cell IIII totally disappeared after the HCW treatments at                                 
230-270 ˚C/10 MPa/15 min and instead, the peaks of cell I appeared at 2θ ≈ 14.4, 
16.3 and 22.5 ˚ (Abdullah et al. 2013). Our simulation results could explain the 
experimental results from the atomistic scale point of view that the conversion from 
cell IIII to cell I occurs at the core part of the mini crystalline structure. From the 
observation of the MD simulation, the general behavior of these four crystalline 
structures can be summarized in the order of stability under high temperature and 
pressure conditions:  cell II < cell IIII < cell IVI ≈ cell Iβ. The decomposition 
processes of these crystalline structures are discussed in the next sections.  
 
6.3.2 Decomposition processes of celluloses Iβ and IVI 
As stated in the previous section, the behavior of cell IVI is very similar to that 
of cell Iβ. This similarity is probably due to the transformation of the crystalline 
structure from cell IVI to cell Iβ at an early stage of the simulation. This is confirmed 
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by the analyses of the hydrogen bonding networks and the side chain conformation 
of cellulose as describe below.  
It is known that the major intra-molecular hydrogen bonds of cell Iβ exist at             
O3–H…O5 and O6–H…O2 (Nishiyama et al. 2002), and the minor hydrogen bonds 
exits at O2-H…O6 and O6-H…O4 (Nishiyama et al. 2002). As the hydrogen should 
exchange its position between donor and acceptor atoms during the dynamics run in 
the hydrogen bond formation because of the thermal fluctuation, the occupancy 
ratios of the hydrogen bonds between the donor and acceptor atoms are calculated 
and shown in Table 6-1.  As an example, the occupancy ratio of the O3…O5 shows 
the addition of the results separately calculated on the O3-H…O5 and O3…H-O5. 
The occupancy ratio of the intra-molecular hydrogen bonds of O3…O5 is 0.62. The 
occupancy ratio for O6…O2 is also shown in the same table as 0.28. On the other 
hand, those in cell IVI are found to be 0.62 and 0.30.  
 
Table 6-1 The occupancy ratio of the hydrogen bond of cell Iβ and cell IVI during the 
MD simulation. Only hydrogen bonds with an occurrence above 0.09 are shown.   
The criteria used for the hydrogen bonds are A-H distance is less than  2.8 Å  
and the D-H-A angle is greater than 110˚, where A and D represent acceptor  
and donor atoms, respectively. 
 
It can be seen that the occupancy ratios of the intra-molecular hydrogen bonds 
of cell IVI are very similar to those of cell Iβ. This indicates the occurrence on the 
Cellulose 
Intra-molecular   
hydrogen bonds 
 Inter-molecular   
hydrogen bond 
O3…O5  O6…O2   O6…O3  O6…O2 
Cell Iβ 0.62 0.28  0.09 0.62 
Cell IVI 0.62  0.30   0.09 0.63 
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transition of crystalline cell IVI to cell Iβ during the simulation under high pressure 
and temperature conditions in the earlier stage of the simulation. 
Nishiyama et al. (2002) reported that the inter-molecular hydrogen bonds of 
cell Iβ exist between O6–H…O3 of the ‗origin‘ (the notations are shown in the paper) 
chains and between O6–H…O3, O6–H…O2, and O2–H…O6 of the ‗center‘ chains. 
However, the analysis shows that the inter-molecular hydrogen bonds between 
O6…O3 are almost disappeared in our simulation as listed in table 6-1.  
On the other hand, inter-molecular hydrogen bonds of O6…O2 remains. The 
same analysis was performed to the mini crystalline structure of cell IVI and the 
results are shown in the same table. The behavior of cell IVI is almost similar to the 
case of cell Iβ, which again indicates the occurrence of the transition from crystalline 
structure of cell IVI to cell Iβ. There are various studies on the hydrogen bonding 
systems at high temperature conditions by MD simulation. Those studies mentioned 
that the O6…O2 inter-molecular hydrogen bond appeared during the simulations of 
cell IVI (Bergenstråhle et al. 2007; Zhang et al. 2011; Agarwal et al. 2011), which we 
observed the same behavior.   
The torsion angle distributions of the hydroxymethyl side group (O5–C5–C6–
O6) are analyzed for two mini crystalline structures of cell Iβ and cell IVI. It has three 
low-energy conformations of gg, gt and tg. The ratios of these conformers are 
calculated to be 0.35, 0.26 and 0.39 for the both cases of cell Iβ and cell IVI, 
respectively. This result agrees well with the results obtained by other researchers 
(Bergenstråhle et al. 2007; Zhang et al. 2011; Matthews et al. 2011). As a summary, 
all these results indicate that the structure of cell IVI is transformed into cell Iβ in an 
earlier stage of the simulation.  
 
6.3.3 Decomposition process of cellulose II 
 Previously, we observed that the mini crystalline structures of cell II and cell 
IIII decomposed more easily than those of cell Iβ and cell IVI. In this section, the 
decomposition process of cell II is discussed in more detail. Figure 6-4 shows some 








Fig. 6-4 The snapshots of decomposition process of cell II during the MD simulation. The water molecules (yellow) were shown only when 
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the water molecules are shown only when they are located within 3.0 Å from the 
cellulose chains. It can be observed that the water molecules began to enter the inside 
of crystalline cell II according to the progress of the simulation time. After 1 ns 
dynamics run, the cellulose chains located at the edge of the mini crystalline 
structures are found to be surrounded by the water molecules. Then, these chains 
decomposed into the water environment as shown in Fig. 6-4 (c).  
 Another interesting feature is that some waters are entering the crystalline 
structure not only to surround the chains at the edge region but also to enter between 
the chains along to the (11
_
0) crystalline plane. Even after 1 ns simulation, some 
water molecules can be observed at the inter-space between the chains along to the (1
1
_
0) crystalline plane as shown in Fig.6-4 (b).  
 It is well known that the cellulose molecules have intrinsically structural 
anisotropy (Yamane et al. 2006). i.e., the equatorial direction of the glucopyranose 
ring is hydrophilic due to the three hydroxyl groups on the glucopyranose ring. In 
contrast, the axial direction of the ring is hydrophobic because of the CH groups that 
are located on the axial positions of the ring. Because of this hydrophobic properties 
of the glucopyranose plane, the cellulose chains along to the (11
_
0) direction can 
stack with each other by hydrophobic interactions and forms a sheet like structure. 
 As a result, the surface of this sheet structure should be surrounded by the 
hydroxyl groups with high density, which makes the surface of this sheet hydrophilic. 
It is reasonable to say that the water molecules should enter the crystalline structure 
of cell II along the (11
_
0) surface because the water molecules can make hydrogen 
bond with the hydroxyl groups on the (11
_
0) surface. Figure 6-4 (c) shows that the 
whole sheet like structure along to the (11
_
0) surface is completely surrounded by the 
water molecules. Then the whole sheet like structure is observed to be dissociated 
into the water.   
 To investigate the breakage of the hydrogen bonds between the chains in the 
mini crystalline structure of cell II, the time courses of the occupancy ratio of the 
inter-molecular hydrogen bonds in the cell II were analyzed and the results are 
89 
 
shown in Fig. 6-5. Langan et al. (1999) investigated the inter-molecular hydrogen 
bonds in the crystalline structure of cell II and reported the patterns of them as 
follows: O6-H…O2 for center–center chains, O2-H…O6 for origin–origin chains, 
and O6…O3, O2-H…O2 and O6-H…O6 for origin–center chains. Note that, all 
these inter-molecular hydrogen bonds of cell II are formed between the cellulose 
chains are along to the (11
_
0) crystalline plane.  
 Among the above hydrogen bonds, we analyzed the inter-molecular hydrogen 
bonds that were formed between O2…O2, O6…O6 and O6…O2, and the results are 
shown in Fig. 6-5. The criteria of the hydrogen bonds are the A–H distance is less 
than 2.8 Å and the D–H–A angle is greater than 110°, where A and D are acceptor 
and donor atoms, respectively. Occupancy ratio is the percentage of the formation of 
hydrogen bond in whole. It can be seen that the occupancy ratio of these hydrogen 
bonds monotonically decreases with the progress of the simulation time. These 
results suggest that water molecules gradually enter the crystalline structure along the 
(11
_
0) plane by breaking the inter-molecular hydrogen bonds between cellulose 
chains and instead forming the hydrogen bonds between water and cellulose chains. 
Hayashi et al. (1974) and Hermans (1949) experimentally identified the existence of 
the molecular sheet structures in regenerated cellulose although they called this 











Fig. 6-5 Time courses of the occupancy ratio of the inter-molecular hydrogen bonds 
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 We previously proposed a structural formation for regenerated cellulose from 
a cellulose/aqueous system using MD simulations (Miyamoto et al. 2009). From the 
study, a mechanism of the initial step of the formation of crystalline structure from 
the solution was proposed: (i) glucopyranose rings are first stacked with each other 
by a hydrophobic interaction and form molecular sheets; (ii) the randomly dispersed 
sheet like structures in solution associate by hydrogen bonds with each other to form 
three-dimensional structures.  
 In the case of the structural decomposition mechanism like hydrolysis, the 
process might take place with a reverse way of the structural formation mechanism 
as follows: (i) water molecules enter the cell II crystalline structures along the (11
_
0) 
surface, and then the inter-molecular hydrogen bonds between the cellulose sheets 
are broken and substituted by the hydrogen bond with water molecules; (ii) 
molecular sheets formed by hydrophobic interactions are dissociated from the 
remaining mini crystalline structure (see Fig. 6-4 (d)); (iii) the molecular sheets are 
dispersed into individual chains, and then each chain is hydrolyzed. These processes 
are clearly observed in Fig. 6-4, except the hydrolysis process which cannot be 
observed in the MD simulation. 
 
6.3.4 Decomposition process of cellulose IIII 
 Figure 6-6 shows some snapshots of the decomposition process of mini 
crystalline structure of cell IIII during the MD simulation. Water molecules are again 
shown when they locate within 3.0 Å from the cellulose molecules. It is observed 
that the water molecules enter in between the cellulose chains at an early stage of the 
simulation and the disruption of the crystalline arrangement of the chains occurs at 
the surface area of the mini crystalline structure. However, it is also observed that the 
core part of the crystalline structure still keep its ordered structure even after the 5 ns 
simulations run (Fig. 6-6(d)). To investigate the structure change at the core part of 
cell IIII during the simulation, the time dependence of the inter-molecular hydrogen 







Fig.6-6 Snapshots of decomposition process of cell IIII during the MD simulation. The water molecules (green) were shown only when 
they were placed within 3.0 Å from cellulose molecule. 
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Fig. 6-7 Time dependence of the occupancy ratio of the inter-molecular hydrogen 
bonds O6…O2 in cell IIII performed at two separate regions; the surface area (blue) 
and the core area (pink), as in (a). The time courses of the occupancy ratio of these 


















































Wada et al. (2004b) investigated the crystalline structure of cell IIII by using 
X-ray diffraction experiment and reported that the inter-molecular hydrogen bonds 
exist between O2-H…O6 and O6-H…O2 in the crystalline structure. According to 
their results, the formation of the inter-molecular hydrogen bonds in the mini 
crystalline structure was investigated. The analyses were separately performed in two 
regions, one is the surface area (blue) and the other is the core area (pink), as are 
shown in Fig.6-7(a). Its time courses of the occupancy ratio of the inter-molecular 
hydrogen bonds are shown in Fig.6-7(b) and (c), respectively.  
 It is seen that the inter-molecular hydrogen bonds at the surface area of cell 
IIII decreases rapidly at an early stage of the simulation. However, in the core part, 
the O2…O6 inter-molecular hydrogen bonds decreases but still keep about 40% of 
the formation. This result can well be explained when we assume the transformation 
of the crystalline structure from cell IIII to cell I as is discussed with Fig.6-8.   
.  
 
Fig. 6-8 The transition behaviors of four core chains in cell IIII mini crystalline 
structure located at the center in Fig. 6-7 (a) and coloured by pink, are shown for (a) 
initial and (b) after 2 ns simulation. Dotted green lines indicate the inter-molecular 
hydrogen bonds between O2…O6. Views along to the molecular axis before and 
after 2 ns simulation are shown in the lower part of the figures.  C-axis is staggered 











Figure 6-8 shows four chains in the core region of cell IIII model before and 
after 2 ns dynamics run. At the beginning of the simulation, inter-molecular 
hydrogen bonds of O2…O6 formed between chains i and iii, and between ii and iv, 
respectively. These two hydrogen bonds indicate the typical characteristic feature of 
the cell IIII crystalline structure 
 
 
Fig. 6-9 Distribution of the torsion angle of O5–C5–C6–O6.  Solid lines analyzed for 
four core chains (pink in Fig. 6-7 (a)) and the dotted lines analyzed for twenty outer 
chains (blue in Fig.6-7 (a)). (a) cell Iβ at 27 ˚C/0.1 MPa, (b) cell IIII at 27 ˚C/0.1 MPa, 
(c) cell Iβ at 230 ˚C/10 MPa and (d) cell IIII at 230 ˚C/10 MPa, respectively 
 On the other hand, the arrangements of these four chains changes after the 2 
ns simulation. The inter-molecular hydrogen bonds can be observed between chain i 
and iii, where a hydrogen bond formed between O2…O6. However, the hydrogen 
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should reduce the number of the hydrogen bond to the half of cell IIII as was 
observed in Fig. 6-7.  
The arrangement of the chains and the hydrogen bond pattern in Fig. 6-8(b) 
shows the characteristic feature of the crystalline structure of cell I. These results 
indicate the occurrence of the transformation of the crystalline structure to cell I at 
the core part of the cell IIII under high temperature and pressure conditions.  
Another characteristic feature of the transformation from cell IIII to cell I can be seen 
in the arrangement of the chains. The observed arrangements of the crystal along to 
the fiber axis are shown at the bottom of each Fig. 6-8(a) and (b), respectively. The 
slide of chain arrangement along to the c-axis by c/4 can be observed after 2 ns 
simulation, which is another characteristic feature of cell I crystal. 
 The similarity between cell I and core part of cell IIII after 2 ns simulation is 
also found in the conformation of the torsion angle at 6 position of glucopyranose 
ring.  Figure 6-9(c) and (d) shows the torsion angle distribution of O5–C5–C6–O6 
for cell I and cell IIII at 230 ˚C. As a comparison, MD simulations at 27 ˚C were also 
performed and the results of the torsion angle distribution are shown in the same Fig. 
6-9(a) and (b), respectively. 
 In cell Iβ, the well known tg conformation appeared at 27 ˚C. However, at   
230 ˚C, the proportion of tg conformer decreased because of the thermal fluctuation 
of the side chain even in the cell Iβ structure (Fig. 6-9 (a) and (c)). In contrast, the 
torsion angle distribution of cell IIII had almost no tg conformation at 27˚C. However, 
tg conformation increases at high temperature, 230 ˚C. Moreover, torsion angle 
distribution of cell IIII at 230 ˚C is similar to that of cell Iβ (Fig.6-9 (c) and (d)). This 
supports that the core chains of cell IIII were transformed into cell I.  
 It is concluded that the process of the decomposition mechanism of cell IIII 
crystalline structure is as follows: under high temperature and pressure, cell IIII 
transforms to cell I. During the transition process, half number of the inter-molecular 
hydrogen bonds is broken and therefore, the cellulose chains at the surface of the 
crystal should make hydrogen bonds with water molecules, instead. The surface 
chains which are fully solvated by hydrogen bonds with surrounding waters are then 
decomposed into the water region. On the other hand, the cellulose chains at the core 
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part of the crystalline structure should resist the decomposition because the structure 
is transformed to the cell I structure. 
 
6.4 Concluding Remarks 
The decomposition behaviors of the cell Iβ, cell II, cell IIII and cell IVI under 
the HCW condition were investigated using MD simulation. Since MD simulation is 
not able to calculate the hydrolysis, especially a bond cleavage reaction, the 
decomposition of the chains from the crystalline structure is regarded as an 
indication for an early stage of hydrolysis in this work. The order of the stability of 
four crystalline structures under high temperature and pressure was observed in the 
order of cell II < cell IIII < cell IVI ≈ cell Iβ.  
Their decomposition mechanisms were discussed from the analysis of the 
simulation. The decomposition behavior of cell Iβ is very similar to that of cell IVI. 
This similarity is probably due to the transformation of the crystalline structure from 
cell IVI to cell Iβ in an early stage of the simulation. Cell Iβ and cell IVI are difficult 
to hydrolyze due to extremely tight networks of hydrogen bonds. As a result, only 
the decomposition of a few molecular chains from the surface of the mini crystalline 
structure was observed. This simulation results are in good agreement with our 
experimental data reported previously (Abdullah et al. 2013).  
The process of the structural decomposition mechanism such as hydrolysis for 
cell II is proposed as follows: (i) water molecules enter the crystalline cell II along 
the (11
_
0) surface, and then the inter-molecular hydrogen bonds are broken; (ii) 
molecular sheets formed by hydrophobic interactions are decomposed from the mini 
crystalline structure; (iii) the molecular sheets are separated into various chains, and 
then each chain is dissociated.  
Whereas, the mechanism for cell IIII is proposed as follows: (i) cell IIII starts 
to transform into cell I under high temperature and pressure; (ii) when the structure 
are transformed, half of the inter-molecular hydrogen bonds are broken, and the 
chains at the surface area should make hydrogen bonds with water molecules; (iii) 
the surface chains are then decomposed in the water but the core chains transform 
into cell I which resist to the decomposition by the water molecules. 
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It has been shown that all the mechanisms above can well explain the observed 
phenomena found in the experiments. It is hoped that these findings will be able to 
assist further development of the new methods in the dissolution and the 



































  The knowledge on lignocellulosic decomposition in various decomposition 
systems is very useful for better and efficient exploitation of wood cellulose. One of 
the common current issues is that almost all ethanol from renewable carbon is 
obtained from food-based sources. Therefore, such information as above would 
certainly affect and possibly reduce the topic of food versus fuel, plus increasing 
cellulose utilization in biorefinery. Though a lot of conventional methods have been 
proven to utilize lignocelluloses for biofuel and biorefinery; more efficient processes, 
techniques as well as products are still in need.  
 In this dissertation, wood celluloses from cotton linter in various crystalline 
forms, as the feedstocks, have been used for hydrothermal treatment by means of a 
semi-flow hot-compressed water (HCW) system. This treatment has proven to be 
effective in providing hydrolyzed and degraded products as separate product streams. 
The physical and hydrothermal conversions of these celluloses treated in HCW 
conditions have been discussed in Chapters 2 and 4.  
 In the HCW treatment condition, at 230˚C/10MPa/15min, the paracrystalline 
part of cellulose, whose crystalline structure is somewhat disordered, is readily 
decomposed. Furthermore, 270˚C/10MPa/15min is still an optimum condition for the 
decomposition of cellulose into glucose and various other cello-oligosaccharides 
products. In addition, minimal amounts of degraded products consisted of dehydrated, 
fragmented compounds as well as organic acids were also recovered.  
 The crystallinity is still one of the limiting factors for hydrolysis of cellulose. 
It remained unaffected even at a severe treatment condition of 270˚C/10MPa/15min. 
The degree of polymerization (DP) is a good parameter to be observed for direct 
comparison between various crystalline celluloses. Here, the DP decreased with 
treatment temperatures. The crystalline celluloses, which are grouped into group I 
(cell I, cell IIII, cell IVI) and group II (cell II, cell IIIII, cell IVII), showed similar 
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behaviors according to their groups. Group I has higher resistance to be decomposed 
than group II and the decomposition behaviors were dependent on the different 
crystalline forms of the starting celluloses. The decomposition behaviors of these 
celluloses were found to follow the native cellulose decomposition pathway under 
HCW condition, as reported in literature.  
 The HCW treatment was also compared with the low temperature/pressure 
enzymatic treatment. The modification on the crystalline cell I into other crystalline 
structures has someway assisted the enzyme to perform better during hydrolysis 
reaction. Among all celluloses, it is shown that enzymatic hydrolysis treatment is 
better with cell IIII, and equivalent to group II celluloses, than cell I. Here, the 
crystallinity was observed to reduce. This is believed to occur due to the enzyme. 
The observation on the DP was similar as in that of HCW treatment. From the results 
presented in Chapter 3, it can be said that, the prepared various crystalline celluloses 
have assisted the hydrolysis and decomposition process in enzymatic treatments.  
 In Chapter 5, further investigation was done to observe the physical behaviors 
of cell III at lower pressures in HCW environment. During the HCW treatment at a 
temperature range between 20-270 ˚C under 4-10 MPa for 5-15 min, it was found 
that cell IIII and cell IIIII were reconverted into their respective parent celluloses. The 
transformation is observed to be slower at lower temperature and pressures. For that 
reason, the physical behaviors of the polymorphs in HCW are dependent on pressure 
and temperature within the limit of HCW condition.  
 The work for this dissertation would not be complete without understanding 
the interaction process between the water molecules and the celluloses during the 
HCW treatment. Hence, in Chapter 6, a detail investigation by using MD simulation 
was performed in order to understand the decomposition behaviors of the crystalline 
cellulose structures of cell Iβ, cell II, cell IIII and cell IVI under the HCW condition. 
Since MD simulation is not able to calculate hydrolysis, especially a bond cleavage 
reaction, the decomposition of the chains from the crystal is then defined as an 
indication for an early stage of hydrolysis.  
 Their decomposition mechanisms were discussed from the analysis of the 
simulation. It was found that the decomposition behavior of cell Iβ is very similar to 
cell IVI, which probably due to the conversion of cell IVI to cell Iβ in an early stage 
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of the simulation. Both celluloses are more difficult to hydrolyze than cell II and cell 
IIII because of the extremely tight networks of hydrogen bonds. As a result, only the 
decomposition of few molecular chains from surface of the mini crystal was 
observed, agreeable with the experimental data of HCW treatments in Chapter 2. 
From the MD simulation analysis, the process of the structural decomposition 
mechanism, such as hydrolysis, for cell II and cell IIII are proposed. All the 
mechanisms described above can well explain what have been observed 
experimentally.  
 The information discovered from this comprehensive study may lead to a 
better way to learn and assist further development of the newer methods in the 
liquefaction or decomposition of the cellulosic materials. Not only for bioethanol 
productions, the variety of products from celluloses can suggest a great prospect for 
their application in many purposes. 
 
7.2 Prospects for Future Researches 
 This dissertation has successfully demonstrated that hydrothermal technology, 
such as non-catalytic HCW, can play important roles in decomposition of cellulosic 
materials by producing various bio-products. Though it features many similar trends 
with the established non-catalytic sub/supercritical methods of lignocelluloses, yet, it 
offers a new alternative process for bioethanol productions. The present research has 
opened up few avenues for continuing the development research works on biofuels 
or biorefineries. The following research topics may be further explored to acquire a 
more inclusive representation of this work: (1) Thorough kinetic studies on the 
decomposition of model compounds in both HCW and enzymatic treatments. This 
would be useful for reactor design. The enzymatic treatment may proceed better if 
potential additives are also included. (2) Developing a suitable catalyst to enhance 
and facilitate the decomposition process at a much lower temperature/pressure in 
HCW system, thus, higher hydrolysis reactions and lesser production of degraded 
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